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IEEE TRANSACTIONS ON ULTRASONICS, FERROELECTRICS. AND FREQUENCY CONTROL, VOL. UFFC-33. NO. I , JANUARY 1986 Ultrasonic scattering is related to tissue architecture by a model which expresses the scattered wave pressure as the product of a frequencydependent factor and the three-dimensional Fourier transform of a spatially windowed scattering function. The scattering function is the sum of the variations in compressibility and the variations in density, the latter being weighted by the cosine of the scattering angle. Because of the explicit dependence of scattering on the cosine of the scattering angle, the measurement of backscatter and the measurement of angular scattering do not produce the same data. The configuration of backscatter measurement maintains the scattering angle at 180". This furnishes data in which the medium variations always appear as a difference between contributions due to compressibility and contributions due to density. The relative motion of the emitter and detector in measurements of scattering as a function of angle changes the scattering angle and furnishes data in which the medium variation has a density contribution that varies as the cosine of the scattering angle. To determine the individual contributions to scattering, measurements as a function of both angle and frequency are required to produce data from which the dependence on the cosine of the scattering angle can be removed. Results from studies of scattering by model media and calf liver as a function of frequency and angle illustrate the possibility of separating individual contributions to scattering and indicate that density variations may be a significant source of scattering. Quantititave measurement of backscatter represents a potentially valuable approach to the characterization of inherently inhomogeneous media such as soft tissue or composite materials. Research performed at this and other laboratories has shown that phase cancellation effects at finite aperture piezoelectric receiving transducers can result in substantial errors in ultrasonic measurements. In this study we compare phase sensitive (PS) detection with phase insensitive (PI) detection using a two-dimensional pseudo-array of point-like receivers. PI and PS backscatter measurements were made at each of 75 sites in a phantom consisting of glass beads ( 4 4 7 4 pm dia) in gelatin (6 grams of beads per liter gelatin). The specimen was insonified with a 13 mm diameter focused broadband piezoelectric transmitter. PS "backscatter" measurements were made using a second 13 mm diameter piezoelectric transducer at an observation angle of 170". This same transducer was used to simulate a point-like receiving element by affixing an apodization plate with a 1 mm diameter circular aperture. A 13 X 13 element pseudo-array of receivers was mimicked by scanning the apodized receiver in 1 mm steps over the same 13 mm diameter aperture of the PS measurement. PI measurements were obtained by summing the power spectra from all elements of the pseudoarray. PS and PI backscatter transfer functions (BSTF) were computed over 3 to 6 MHz for each measurement site in the phantom by normalizing each spectrum to that of the echo from a plane stainless steel reflector to remove the electromechanical response of the transducers and electronics. At all sites the BSTF obtained using PI detection was consistently larger in magnitude and exhibited smaller fluctuations with frequency than the corresponding PS BSTF. Backscatter was quantified using the frequency average of the BSTF, or integrated backscatter (IB). Paired differences between PI IB and PS IB yielded (mean AIB & SD) 3.9 i 1.8 dB suggesting that PS BSTF's underestimated the backscattered energy. The degree of smoothing of the BSTF by PI detection was quantified using the root mean square deviation (RMSD) of each BSTF about a least-squares polynomial fit from 3 to 6 MHz. Single site PS BSTF's yielded (mean RMSD f SD) 3.2 k 0.8 dB as compared to the PI results of I . 3 t 0.3 dB. Further, to achieve an RMSD for PS detection comparable to that obtained at a single site using P1 detection it was necessary to average 5 to 7 PS spectra. These results suggest that PI detection represents a means to reduce the number of measurements necessary to estimate backscatter from inhomogeneous media.
TISSUE CHARACTERIZATION I: SCATTERING AND ATTENUATION
Th~b work was supported in pan by grant NIH RR01362.
Performance Attributes of a Sparse Two-Dimensional Receiving Array for Attentuation UCT, D. FITTING, P. GROUNDS, J. GIESEY, P.
BLAND, and P. CARSON, Department of Radiology, University of Michigan, Ann Arbor, MI 48109.
A two-dimensional receiving array has been fabricated which diminishes corruption by three-dimensional refraction and reflection in a UCT-imaged volume. The array consists of 48 elements sparsely spread over a 50 mm diameter semicircular aperture. Signals from the elements are processed incoherently yielding an array which is phase insensitive. A frequency-shift processing scheme is used. (An energy-ratio method would give a larger attenuation measurement because of the sparse element placement in the array receiver). The processed array signals permit reconstructions of the highest resolution phase insensitive attenuation images of any method available for imaging tissue samples in vivo and in vitro.
Spatial separation of the receiving elements permits construction of an array with a reasonable number of elements in terms of the cost for electronics and the required processing time. Design guidelines for transducer element size and placement within the two-dimensional aperture are reviewed in this paper. Computer simulations are used to demonstrate the effects of array configuration on its performance.
An electronics system for accessing the signal from any of the array elements is described. Its high channel-to-channel isolation, high signal-tonoise ratio and modular design are stressed.
This work was supported in part by PHS grant number 2 R01 CA 31857 awarded by the National Cancer Institute DHHS. We suppress the effects of noise and extract the intrinsic frequency variation from an ultrasonic echo using a singular value decomposition of the Wigner distribution' of the signal. This method performs a nonlinear filtering on the echo signal to greatly reduce any contaminants-whether electronic noise or clutter from weak reflections. We can then evaluate the local frequency both accurately (i.e. without bias by noise) and efficiently (i.e., with a small data set). This analysis is carried out on the Wigner timefrequency function calculated from a segment of echo data. If the segment is sampled at discrete times t,, the values of the Wigner distribution W(t,,A) at the discrete frequenciesf, form a real nonsymmetric matrix. A singular value decomposition of this matrix (the natural generalization of the eigenvalue decomposition of a real symmetric matrix) finds the intrinsic information from this signal segment in the components with largest singular values (the generalization of the eigenvalues). The contaminants are distributed over all singular components. Focusing on only the dominant singular values extracts the intrinsic information from the signal while rejecting the contaminants. This nonlinear processing of the signal does not degrade the time or frequency resolution as do usual linear smoothing methods. We illustrate this approach on the traditional problem of estimating the attenuation slope from the downward shift in mean frequency with depth. Our analysis of simulated echoes gives results identical to those from the conventional short-time Fourier spectrum when the signal-to-noise ratio is large. However as the noise increases, this Wigner technique provides an unbiased local estimate of the frequency down to moderate signal-to-noise ratios, while the Fourier method becomes increasingly biased by the noise. Moreover, we obtain the correct answer with less data than the Fourier approach requires to converge to a biased value. Analyses of phantom and in vivo data are also presented.
Suppression of Noise to Extract the
Nonlinear effects of surface acoustic waves (SAW) propagating on the substrate of YZ-LiNb03 are studied experimentally. Bifurcations (subharmonics) and chaos are observed in the frequency range about 20MHz-150MHz. Two interdigital transducers (IDT) with one in narrow bandwidth and the other in wide bandwidth are used to excite and receive SAW respectively. By increasing the input voltage of emitting IDT to excess some thresholds, the nonlinear phenomenon of SAW are appeared successively.
Following the higher harmonics of the fundamental signal the bifurcation sequences ( f / 2 , f / 3, f/4, f / S , f / 6 and their harmonics) and the chaotic state in SAW are observed in succession. In general, the levels of the bifurcation signals are below the fundamental signal by more than 60 dB. Owing to the bandwidth of the receiving IDT can not cover the spectrum of these subharmonic series, sometimes we use different IDT to detect the different subharmonic signal. In order to investigate the mechanism of the production of these bifurcations and chaos, we also use various emitting IDT with different type to excite SAW and compare the amplitudes of these bifurcation signals by the same receiving IDT. Our experimental results show that the bifurcations and the chaotic state are mainly produced in the process of the propagation of SAW on the substrate of LiNb03. Recently. we have obtained data on the surface acoustic wave (SAW) attentuation and dc resistance for the superconducting granular lead film with a sheet resistance of 2000 WO. When both sets of data are plotted on normalized scales, we find that the shapes of the resulting curves are almost identical to the corresponding curves obtained for a granular lead film whose sheet resistance was l o o 0 W O , The mechanism' producing the attenuation in both cases is the acoustoelectric effect, but the shapes of the curves cannot be accounted for directly from the shape of the resistivity curve as would be expected using Adler's model2. To account for the shapes of the observed attenuation curves, a based on percolation theory has been proposed. In this paper we shall discuss the percolation model and how well the model agrees with the observed attenuation.
We study the attenuation of the Rayleigh surface wave by rough surfaces. To generate and detect the surface wave we used a method ensuring a reproducible coupling (the transducer being immersed in a small tank filled with water and isolated from the sample by a thin foil of mylar). Three aluminum samples have been tested. The roughness h and autocorrelation length L , respectively, are spread from 8 to 100 pm and 100 to 300 pm. The attenuation due to the roughness is calculated by comparing the results obtained for rough surfaces with those for a plane surface considered as a reference. The measurements have been carried out with monofrequency transducers such that KL vanes from 0 to 3.5. The experimental variations of the attenuation versus KL are compared with the theoretical formulation proposed by Maradudin. I. We present an experimental study of the scattering of ultrasonic short pulses by aluminum cylinders at grazing incidence. The range of values of ka ( k = wave number in the fluid, a = radius of the target) extends from 40 to 100.
We measure the amplitude of the response corresponding to surface waves propagating over the cylinder with a velocity close to that in water, as a function of the distance (in terms of angle) travelled on the circumference of the cylinder. The curves obtained are fitted with a sum of exponentials. Each exponential represents a decaying circumferential wave, thus providing information on the decay constants of the waves. The results agree with those predicted by Frisk, Dickey, and Uberall,' and show the contribution of three waves:
the second mode of the Franz wave, which vanishes after about 0.04 rounds of the cylinder, because of its strong reemission, the first mode of the Franz wave which can still be observed after 0.4 rounds, and was therefore the only one of these three waves having been observed up to now, and the Stoneley wave, whose amplitude is so small that it can only be observed after one half of a round, where it emerges from under the Franz wave due to its lesser attenuation, and is often hidden under the ambient noise. Mechanical and structural aspects of SAW device transducer metallization were investigated in a series of experiments. The center frequencies of SAW resonators on ST Quartz were found to increase by up to several hundred ppm during heat treatment. This behavior was studied as a function of transducer metal thickness and device center frequency for a range of annealing times. Alternative explanations of the phenomenon in terms of the change in the properties of the substrate and metallization during the anneal were considered. Resistivity of AI and Cu-AI films and their change during temperature annealing were characterized as a function of thickness. Finally, a correlation was found between SAW resonator phase noise and structural details of the transducer thin films.
SAW RESONATORS AND DELAY LINES
Chairperson
The Influence of a Cr Film Bonding Layer on SAW Resonator
Performance, W. J. TANSKI, United Technologies Research Center, East Hartford, CT 06108.
Surface Acoustic Wave (SAW) resonators on quartz are normally fabricated using AI metal film transducer electrodes. In order to simplify the fabrication procedures and to provide acceptable bond strength of electrical lead wires, a thin Cr layer is frequently used to enhance the adhesion of the AI to the quartz. We have been investigating the effect of this Cr layer on SAW resonator performance and the experimental results will be discussed in this presentation.
Specifically, resonators have been fabricated with and without the Cr bonding layers. Tests have been conducted to determine the relative values of the single-sideband phase noise, and the stability of the frequency response with high temperature processing (300°C) and high input power levels. Relative aging rates of devices operated at moderate power levels are also under investigation. We have found in a preliminary sampling that resonators with Cr have ssb phase noise levels which are 10 to 15 dB greater than devices with no Cr. Also, when devices with Cr are subjected to very high temperatures, such as are used in bonding with polyimid adhesives or in glass frit sealing, the frequency response degrades significantly in Q value as well as changing in center frequency by a substantial amount. The changes noted in devices with no Cr were much smaller and are manageable from the standpoint of fabricating precision devices.
Physical analyses have been conducted on the metal films and significant changes in films with Cr have been found which relate to changes in device performance. These analyses will be presented and discussed. We have observed a delay dependence in the phase noise of SAW filters. This dependence has been observed in filters made on both lithium niobate and quartz substrates. Filters with various delays were fabricated by changing the separation between transducers. Both bidirectional and unidirectional transducers were used. The single sideband noise power exhibits a 11fdependence about carrier frequency, and increases with delay. We will relate our findings to several possible sources of phase noise. These include correlated and uncorrelated noise sources which are distributed throughout the propagation path and a transduction-based noise source.
Delay Dependence of Phase
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We have previously proposed the new types of SAW grating reflectors consisting of reflecting elements with both a positive and negative reflectivity (PNR), which have the advantages of a large reflectivity, wide stopband, and small mode conversion into bulk waves. I In this paper, we describe that the PNR type reflector consisting of electrically shorted and open strips has inherently the strong suppression effects of spurious transverse modes in a grating of finite width.
Experiments of one-port resonator on a 128"Y-X LiNbO, substrate are done. Results show that no spurious responses at frequencies other than principal mode resonance can be observed over a wide range of strip width. The mechanism of suppression effects is described. When a surface wave resonator is subject to a change in temperature the thin electrode films of the interdigital transducer induce thermal stresses in the films and substrate. Since the stresses in the metal film relax slowly in time, the natural frequency of the resonator can wander somewhat even for thermally compensenated Orientations and propagation directions in quartz. Hence, it is of interest to know the magnitude of the change in resonant frequency, or surface wave velocity, resulting from the presence of the thin electrode films. The change in natural frequency of a surface wave resonator can be calculated from an existing equation for the perturbation in eigenfrequency of a piezoelectric solution due to a bias if the mode shape and biasing state are known. Since the surface wave mode shape is known, the problem consists of the determination of the thermal stress and deformation fields resulting from the thin electrode films on the surface of the substrate when there is a temperature change. The solution is obtained for the case of identical periodic electrode films by means of an expansion in a trigonometric series. In the treatment approximate thin plate equations are employed to account for the electrode films, which enables the entire effect of the films to be treated as a boundary condition at the surface of the substrate. Furthermore, the form of the perturbation equation that has been employed heretofore is valid only when the periodicity of the biasing state coincides with the periodicity of the surface wave. However, it is shown that when a more fundamental form of the perturbation equation is employed, a form may be obtained which is valid independent of the behavior of the biasing state. This latter form of the perturbation equation is employed in the calculation of the change in frequency response or surface wave velocity with temperature as a result of the electrode films for a few practical orientations and propagation directions. Characteristics of human tissue acoustic attenuation coefficients determined in vivo and particularly their dependency upon the ultrasound frequency components have long been of interest to researchers as well as clinicians involved in medical ultrasonics. The primary objective of this study is to investigate and determine, in in vivo fashion, the liver acoustic attenuation coefficients of both normal subjects and patients with various liver abnormalities. There are two phases in our project. The first phase was to design and construct a microprocessor-based interface device which when linked to a commercially available ultrasound imager, would digitize the raw echo signals and then store these digitized data. The second phase was to determine, through software analysis, the attenuation coefficient of the tissue of interest. Details of the design concepts and the implementation of the microprocessorbased ultrasound digitizing device has been reported previously. ' This device was interfaced to a ATL MK-500 real-time sector scanner. A 3.0 MHz medium focused transducer was used in this study. We have examined 24 normal subjects and 15 patients with various liver abnormalities, e.g. alcoholic liver disease, jaundice, hepatomegally, etc. For each subject, echo signals returned from two different depths were digitized and Fourier transformed. The acoustic attenuation coefficient U , in the frequency domain, was estimated by comparing these Fourier transformed data, and after curve fitting, can be expressed as U = a*f *exp ( -b ( f -f0)**2. For normal liver cases a = 0.05, b = 0.672, andfO = 3.128 MHz. For abnormal cases the values of a, b, and f 0 were found to be different from those of normal cases with a's ranged from 0.06 to 0.3; b's from 0.7 to 0.9; andfO from 2.3 to 3.0 MHz. ultrasound tmue differentiation," in Proc. ISMM I n f . Symp. Microcomputer Applica-' N. Botros, el U/. "Mlcroprwessor-based data acquisition and analysis system for tions in Medicine and Biwngineering. 1984, pp A high-frequency ultrasonic system has been developed to interrogate skin for the purpose of tissue characterization measurements from backscatter in the frequency range of 10 to 30 MHz. Previous work has focused on attenuation measurements as a quantitative monitoring technique for the healing of surgical wounds [l] . Interrogation at these higher frequencies in a backscatter mode represents an interesting opportunity to investigate the basic interaction mechanisms of ultrasound with tissue. This may also improve the understanding of ultrasonic signals and images from lower frequency systems used at greater depths.
TISSUE CHARACTERIZATION 11: ATTENUATION AND MEDICAL INSTRUMENTATION
Results that include morphological analysis using optical microscopy and staining techniques have indicated the possibility of scattering sites from collagen structure having dimensions on the order of a wavelength. This relation between scatterer size and acoustic wave length may make it possible to size collagen structure in the healing surgical wound and be used for quantification of wound maturation. Studies have included the measurements of backscatter from skin, special tissue phantoms and the application of various models of scattering in order to assess the phenomena of backscatter fluctuations as a function of frequency that are observed in skin measurements.
This work was supported by NIH grant GM31088.
utilizing high ultrasonic frequencies." in Proc. 1983 Ullrason. Symp. Proc., no. The Cavitron Ultrasonic Surgical Aspirator is an instrument making use of the magnetostriction principle to produce ultrasonic vibration to remove tumour tissues with the aid of suction. Its usefulness in neurosurgery is documented. However, its actual mode of action is not yet clear. The very large acceleration generated at the end of the tip which is vibrating at 23 KHz and with amplitude up to about 300 microns has been claimed to be the basic mechanism of removing soft tissues. A motor-driven vibrator equipped with suction facility has been developed in our laboratory and it can also remove soft tissues. Its efficiency of removing tissue is comparable to that of the Ultrasonic Surgical Aspirator. The vibration frequency in our device is about 300 Hz and the amplitude of vibration is 0.3 mm (or l mm). If the acceleration term is a dominate contribution to tissue removing, experimental results indicate that the soft tissue breakage threshold is much lower than 50,000 g. The advantages and disadvantages of the two types of probe will be discussed.
Vice-Chancellors and Principals of the Universities in the United Kingdom. Nonoperative disintegration of renal calculi and bladder stones became very important in clinical application during the recent years. Two main approaches to this technique are in use: Extracorporal disintegration with electrohydraulic shock wave lithotripsy (ESWL) and ultrasonic lithotrites for transuretral or percutaneous use. Ultrasonic lithotrites are usually operated in the 20 to 40 kHz range. While ESWL is the most elegant method, it is extremely expensive in initial costs as well as in maintenance. Ultrasonic lithotripsy turned out to be a fair alternative in medical terms with a small fraction of the costs compared to ESWL. Ultrasonic lithotrites are resonant systems consisting of a piezoelectric transducer, an elastic mounting sytem with back mass and bolt, a matching element and a probe to guide the ultrasonic power from the transducer to the distal tip of the probe. The main problems of the lithotrite arise from the length of the probe which is several times the acoustic wavelength at the operating frequency. For the design work an electrical equivalent circuit of the lithotrite has been developed which contains a voltage source with capacitive internal impedance, lines, induc-
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tances (discrete mechanical masses) and a transformer to reconstruct the threeport at the transduceriboltlmatching element transition. This equivalent circuit has been used to design the system towards an optimum coupling between transducer and probe while the parasitic resonances of the system are kept off the working frequency. Impedance characteristics as well as velocity and pressure distributions along the whole system will be shown in the paper for optimum and non-optimum design. The actual working frequency also depends on the load caused by the calculus. To avoid mismatch the frequency of the power generator is locked to the mechanical resonance with the help of a PLL circuit. Left ventricular assist devices (LVAD) have been developed successfully to the stage of clinical application. While the hemodynamic effects of the LVAD pumping have been studied in detail, its effects on myocardial mechanics have not been documented well. For the measurement of myocardial dimensions during LVAD pumping by means of implantable miniature sensors, an eightchannel ultrasonic displacement meter has been developed. Although ultrasonic dimension gauges have been widely used for the study of cardiac mechanics and four-channel displacement meters are commercially available, more than six channels are necessary for the simultaneous measurement of myocardial dimensions in the ischemic and normal regions as well as of ventricular diameters. Miniature sensors were made of 6 MHz piezoelectric ceramic discs having a diameter about 2 mm. Tungsten loaded epoxy foils were attached to the both surfaces of each disc to match the acoustic impedance between the disc and biological tissues. An acoustic convex lens made of epoxy resin was bonded to the assembled disc to diverge the ultrasonic beam. A pair of these sensors were attached to or embedded in myocardial tissues, and the distance between them was calculated from the transit time of ultrasonic pulse. Since the interval of emitting pulse and the repetition frequency were designed to be 512 ps and 1.95 kHz, respectively, the sampling period and the maximum measurable length per channel became 64 ~s and 96 mm, respectively, for eight-channel operation. This system has been applied to study the bulk and regional mechanical work of canine left ventricles (LVs) during LVAD pumping. Three pairs of sensors were attached to the LV inner surface for the measurement of LV diameters, and four pairs were embedded into the LV muscle for LV muscular lengths. Ischemia was induced by the ligation of coronary artery. The experimental results indicated that the bulk and regional LV work calculated from these dimensions and LV pressure was reduced significantly by the LVAD pumping and the LVAD was very effective for the cardiac insufficiency. In an attempt to improve the sensitivity of our noninvasivehon-traumatic acoustic emission (AE) technique (1980 Ultrason. Symp. Proc.), a new ultrasonic method is introduced where three AE transducers (resonant frequency: 155 kHz) are required. One of them works as a transmitter which is excited by a square wave generator; and the other two are receivers. The reference receiver is mounted next to the transmitter on a specimen whereas the usual receiver is located across a suspected defect or fracture site. Thus, both the reference and the receiver signals can be viewed on a dual channel oscilloscope, and/or they can be digitized for an FFT analysis. Amplification of the receiver signal was approximately 78 dB. In this new method, the first few cycles of the received signal, which are sometimes lost in the noninvasive AE technique due to the low amplitude input signal and the usual threshold setting, are used advantageously. First, the new ultrasonic method was applied to boneisoft tissue phantoms or simulators with various types of defects in the "bone" layer. The plot of amplitude versus the size of a given defect shows that the new method is more sensitive to the defect than the previous noninvasive AE method. A preliminary human patient study on the tibia has shown that the initial part of the received signal is stable with the changes in shape of the overlying soft tissues, e.g., such as would occur due to pressing down the calf, whereas the remaining part of the signal is sensitive to such changes. This indicates that the first few cycles of the received signal are transmitted through the bone, and that the remaining part of the signal is deformed partly due to the transmission/reflection in the soft tissues. Since the noninvasive AE technique has been found to be very promising for the study of stress fractures, this new ultrasonic method appears to be a useful adjunct in tackling more complex bone abnormalities.
This work was supported in part by PHS through NIDR Grant 5-T32-DEO7054-09. Doppler ultrasound has been used to monitor flow in the pulmonary artery for the presence of bubbles which may provide an early warning of impending decompression sickness before any gross symptoms occur. Techniques have been developed which can reliably predict the occurrence of decompression sickness in the hypobaric conditions experienced by pilots in some flight suits and by astronauts during EVA in space suits. These techniques required manual manipulation of a transducer in order to find the flow signal from the pulmonary artery in humans subjected to hypobaric exposure in test chambers at the School of Aerospace Medicine. To provide continuous monitoring inside the flight or space suit, a means is necessary to electronically steer the ultrasonic beam in order to locate the pulmonary artery signal. Two large aperture two-dimensional arrays operating at 5 MHz and 2 MHz. respectively, were fabricated and tested with CW and pulsed Doppler electronics. These prototype arrays were attached to the chest of human subjects with adhesive pads, which provided the coupling for ultrasound into the body. The ability to locate and track signals from the pulmonary artery was determined. Tests have indicated that high levels of cross talk in the array make it difficult to provide a reasonable signal-to-noise ratio using CW Doppler; however, the use of pulsed Doppler electronics reduces this cross talk to an acceptable level. A coherent, swept frequency measurement system has been implemented for the purpose of characterizing electro-acoustic devices, such as medical and NDE ultrasound transducers. The system is based on the concept of time delay spectrometry which permits anechoic measurements in a reflective environment. By sweeping over a sufficiently wide frequency range, the impulse and frequency responses of the electroacoustic device can be determined from a single sweep. The advantages of swept frequency excitation over pulse excitation include improved SIN ratio of the measured response, high A/D conversion accuracy due to low sampling rate, and elimination of the risk for acoustic nonlinear effects. These properties of the measurement system are important when the measured response is to be used for deconvolution.
The system is implemented, using two frequency synthesizers and one spectrum analyzer, all of which are controlled by a computer system which also performs the FFT for generating the impulse response. The measurement system which has been established covers a frequency range of 21 MHz, and the time domain resolution has been measured to be on the order of 0.1 ns. Time and frequency domain results will be presented for commercially available ultrasound transducers, and the performance aspects of the measurement system will be discussed. The Born and Rytov approximation have been investigated as a method for reconstructing the scattering potential (here, speed of sound and absorption) images from measurements of transmitted pressure profiles along a linear detector placed parallel to the unperturbed incedent planewave, for each direction of incident planewave insonification from multiple sources. This technique, called diffraction tomography, often fails to reconstruct extented low-contrast objects with sharp edges, e.g., organs of the human body. The basic problem arises from the accumulated error in phase and the error in the gradient of the phase. We overcome these problems by applying Diffraction Tomography iteratively to a new data set obtained by subtracting, from the actual measured data, the convolution of the Green's function with the square of the gradient of an updated internal eikonal (complex phase) wave function. The internal eikonal wave function is updated by applying a fixed point iteration to solve the integral equation form of the Riccati wave equation for
We describe a new mode of the SAM in which an image is made of the piezoelectric transducer response. The transducer is placed at the focal plane and is used as the receiving element for the SAM. We have been able to visualize standing wave patterns in the transducer and directly image the effects of mounting constraints and electrodes. In addition a quantitative study of the inter node spacing has been made for the higher harmonics. We have used this technique to develop a "point" ultrasonic detector on a large transducer and applied it to obtain pure exponential decay for ultrasonic echoes in liquids. Preliminary results also indicate that we are able to image the grain structure and local piezoelectric response of ZnO transducers by this technique. Acoustic microscopy at 100 MHz frequency is a very efficient tool for detecting and studying defects in ceramic materials. For non destructive evaluation in the bulk of the samples, the major inconvenient of acoustic microscopy is the requirement of a collection of focusing lenses for covering all the depth. The design and construction of a variable focus lens enables now to explore ceramic material over depths comprised between I and 10 mm using a single lens, with a convenient spatial resolution. The experimental results are compared to those derived theoretically from a simple geometrical model. Another difficulty encountered in nondestructive applications of acoustic microscopy consists in the extraction of a maximum quantity of informations from the image obtained. An interpretation based on a model of the matrix medium for different ceramics is presented. The physical parameters (structure.
size and density of porisities) characterizing the material may be deduced.
This work was supported by the D.R.E.T.
A Coupling Method for Nondestructive Evaluation Using an Interdigital Transducer, T. NOMURA and T. YASUDA, Shibaura Institute of Technology, Minato-ku, Tokyo 108, Japan.
The methods of exciting and focusing the surface acoustic waves on a sample material for nondestructive evaluation (NDE) is described. In the field of NDE of materials, it is of interest to excite and focus a surface acoustic wave to detect small craks'.*. An interdigital transducer (IDT) can radiates focused acoustic waves into liquid so that it is used as the acoustic wave source for NDE system3. In these system, a fluid is used as a coupling medium. In this paper we describe a method of coupling between the interdigital transducer and sample substrate for NDE-IDT system. Instead of using a fluid couplant as the coupling medium, we employ a gel. It is found that a conversion efficiency of -4 dB can be obtained at 20 MHz. Moreover, we will describe a new method of exciting the focused surface acoustic waves by using interdigital transducer. The frequency is scaled by the half wave resonance of the transmission line in the model, the impedance is scaled by the characteristic impedance of the transmission line and the input voltage and current are scaled by hC,. The resulting model consists of a transmission line whose characteristic impedance is I ohm and whose delay is 1/2 S , and two capacitors whose values are l / 2K,:. Matching schemes such as LR electrical matching and quarter wave acoustic matching can also be normalized.
The model is used to produce normalized time response families for switch driven transducers. These are difficult to obtain using frequency domain models such as KLM because of the time varying impedance of the driver circuit. Time and frequency response families for basic transducer configurations are easily produced from the normalized model using a circuit analysis program.
The normalized time responses can be used as tools for transducer design. An example of backing impedance selection is given for a simple transducer configuration driven by a transistor switch. The example demonstrates the value of scaling when making pulse amplitude/duration tradeoffs by backing selection.
Automatic Calibration and Assessment of Piezoelectric Transducers, G.
HAYWARD, Department of Electronic and Electrical Engineering, University of Strathclyde, Glasgow G1 IXW, Scotland.
Accurate measurements of piezoelectric parameters can be a difficult and time-consuming task, particularly if large numbers of piezoelectric elements have to be assessed or calibrated. This paper describes the theoretical development and hardware instrumentation required for an automatic measurement system, based on transient analyses. Important transducer parameters such as CO, K , , h , T, U , Z,, E , and Y may be obtained from a single measurement and results are accurate to within + 5 percent. The paper will also discuss optimum aspects of the hardware design and this is configured to consider such features as transducer secondary action, sampling rate and quantisation error. Favourable comparisons are also made with other experimental measurement techniques. The method is shown to operate extremely well for thickness-mode ceramics and also for the comparison and selection of elements for some ultrasonic arrays. It may also be readily extended to the assessment of backing materials, bondlines and matching layers in piezoelectric probe assemblies.
Wide Range Flow Quantity Measurement Using Ultrasound, R. J. REDDING, Design Automation Limited, Cox Green Lane, Maidenhead, SL6 3EL, United Kingdom.
The use of frequencies instead of pulse timings in ultrasonic transit-time flow measurement has been shown by various authors to give independence of the speed of sound in the medium. To convert a pulse-time interval into a frequency by gating an oscillator does not overcome inaccuracies in sensing the edge of the received pulse. A superior method is to frequency modulate an ultrasound carrier by a phase-locked loop. The fluid velocity is then the difference between two continuous frequencies whose periods are the upstream and downstream transit times, basically 2 hertz per metre per second.
Such a system provides continuous flow measurement over a wide range, the signal being in a convenient form for integration to provide quantity measurement, as total flow over a period.
These features are shown to great advantage in a novel domestic gas meter to meet the specification of the British Gas Corporation who require a turndown ratio of 200-1 with a high accuracy requirement over 60-1 flow.
Test results are given for a 3 " diameter pipe using 215 kHz transducers and the paper discusses the production of higher frequency transducers to reduce the pipe size. The gas meter takes the form of a line-mounted assembly buried outside the premises and remotely indicating with power derived from a telephone line or a battery with the life of a year.
A highly stable and selective SAW-chemosensor has been realised. The sensor is based upon a dual delay-line oscillator. The delay lines are implemented in STX-quartz substrates.
One delay line is provided with a chemical interface obtained by evaporation of an organic semiconductor, i.e. metal-free phthalocyanine. The electronic system (oscillator) is stabilized by means of automatic gain control. The oscillator operates without tuning inductors and with symmetrical driving of the transducers, aiming at a (total) monolithic integration of this sensor in a ZnO-Si02-Si layered structure.
A special feature of the sensor is that both the delay lines and the electronic system are constructed in modules. This simplifies the interchange of different delay lines and allows measurements to be performed when only the delay line is at an elevated temperature (e.g. environmental monitoring and automobile emission control). The operating frequencies of the sensors are between 30 and 110 MHz.
To date one sensor has a sensitivity of about a 100 Hz/ppm NO2 at an operating frequency of 39.48 MHz with a threshold sensitivity of about 0.5 PPm. This paper presents the design, fabrication and test results of prototype SAW accelerometers intended for missile applications sensing t 100Gs. This type of device integrates both thick and thin film fabrication technologies in a small, connectorized package. Three SAW delay lines are utilized along with hybridized electronics to obtain both DC and RF outputs directly proportional to acceleration. A cantilevered SAW substrate configuration is the key sensing element. Parameter influence to device sensitivity will be discussed. The fabrication and assembly of a two-tier hybrid substrate configuration will also be presented. Testing results to include sensitivity. linearity, hysteresis, power-up stabilization time, power consumption, transverse sensitivity, offset, and temperature effects will be presented. Future recommendations to reduce the size and cost and to improve performance will be discussed.
An US. In this paper an identification system for moving coded objects will be described. The system uses ultrasonic pulses for the recognition of a code suitably attached to the object.
In principle, the system can work in two different ways; the first one, using variously shaped codes, measures the transit times of echoes reflected by code planes at different distances from U.S. transducers. The second one uses plane codes with areas of different reflectivity, each area being identified depending on the presence of echo pulses or not.
The implemented system is based on this last technique and it can measure, with a good accuracy, the object velocity and acceleration with respect to the measuring head, as well as the object identification code.
The use of acoustic waves allows real advantages, mostly in industrial application where the ambient conditions (dust, dirt, and sediments on codes and transducers) cause troubles in operation with optical devices.
The measuring principle, the transducers performance, the code characteristics and dimensions will be discussed in the paper. Moreover, experimental results, obtained in a test of train traffic control inside an industrial plant, will be reported.
Measurement of Humidity Using Surface Acoustic Waves, S. G. JOSHI, Marquette University, Milwaukee, W1 53233; and J . G. BRACE, Johnson Controls, Inc., Milwaukee, W1 53201. This paper describes a technique for measuring humidity with high sensitivity and wide dynamic range using surface acoustic waves. A delayline-stabilized SAW oscillator is used, the delay line being coated with a thin film of a suitable hygroscopic material. Sorption of moisture increases the density, permittivity and electrical conductivity of the film. These effects tend to reduce the velocity of the surface acoustic wave. Thus we expect the frequency of the SAW oscillator to decrease with increasing humidity.
The present work uses a 75 MHz SAW oscillator fabricated on 128O-rotated Y-cut LiNbO, substrate, with an organic polymer (pyralin PI 2545) as the hygroscopic material. The additional insertion loss introduced by the film is typically less than 4 dB. As expected, the frequency of the oscillator is found to decrease with increasing humidity: full-scale frequency variation with relative humidity is more than 150 kHz and the calculated detection limit (signal-to-noise ratio of 2:l) is 0.4 ppm, of humidity. or a corresponding dewpoint of -80" C . Experimental data illustrating frequency output versus humidity, response time. hysteresis and thermal sensitivity will be presented.
Simultaneous sensing of humidity and temperature has also been demonstrated using a dual-delay-line approach. Here the uncoated second track is used for common-mode temperature compensation and temperature monitoring purposes.
In order to correlate changes in SAW propagation velocity with those in the properties of the film, several ancillary measurements have been performed. These include measuring the mass of water sorbed, by direct gravimetric techniques, and measuring the changes in electrical permittivity and conductivity of the polymer as a function of relative humidity.
A new formulation for studying anistropic acoustooptic (AO) interaction geometries in uniaxial crystals in which the interaction plane is arbitrarily oriented with respect to the crystalline axes is presented. Analytic expressions for the optical wavevector loci which must be tracked by the acoustic wave vector as the acoustic frequency varies are obtained. This permits an analytic solution for the Bragg angle dependence on acoustic frequency and orientation of the interaction plane to be given. Consequently determining A 0 geometries which satisfy conditions for either wideband deflectors or wide angular aperture filters are also obtained analytically. This new formulation provides physical insight into how device performance is affected by the interaction plane offset from the optical z-axis and the acoustic wave offset from the xy plane. It is shown that for a given interaction plane each acoustic mode gives rise to two geometries which satisfy the requirements of a wide band deflector. The corresponding two center frequencies for these configurations are calculated for different orientations of the interaction plane. Illustrative calculations are given for the x-polarized shear wave propagating in the yz plane of LiNbO,. For the case of A 0 filters this formulation leads to a new configuration which is obtained when the acoustic wave is in the xy plane and the angle between the interaction plane and the optical axis is smaller than tan-' j n , / n , . The tuning characteristic, resolution and angular aperture for Laser probing of surface acoustic waves (SAW) using proximity reference gratings was found to be sensitive to the divergence of the probing laser beam. The probing sensitivity was observed to fall off with increased separation between the reference grating and the SAW substrate and to fall off with increased beam divergence. The qualitative behavior of this sensitivity has been demonstrated previously.' In this paper a theoretical analysis using generalized plane waves has been extended to finite divergent beams. The sensitivity to the probing beam divergence was found to increase for higher frequency SAW. Experimental measurements were made in a transmission schematic using LiNbO,, y-cut for z-propagation for frequencies between 16-100 MHz. The essential features of the analysis were confirmed for a HeNe laser with variable beam divergence. An investigation of the radiated three dimensional fields of disc transducers has been undertaken, by a comparison of experimental pressure fields with those predicted by theory in both the nearfield and farfield regions.
Experiments at a frequency of 300 kHz ensured a good measurement resolution ( -M S ) in water with the use of a 1 mm diameter, computercontrolled scanning hydrophone. Both PZT and PVDF transducers were scanned in this fashion, and the resultant pressure fields stored and replotted in three dimensions. The theoretical approach was used to predict the fields from disc radiators with a provision for studying changes in amplitude and phase across their front face. PVDF transducers. in the form of both plane pistons and annuli, were shown to radiate fields experimentally which showed excellent agreement with those predicted theoretically. For PZT transducers,
FERROELECTRICS, AND FREQUENCY CONTROL,
VOL. UFFC-33, NO. I . JANUARY 1986 85 it was found that agreement was only obtained when the complicated variations in amplitude and phase across the disc face were considered as a parameter in the theory. This required an additional measurement of transducer vibrational characteristics, using a capacitance probe, as will be described.
A Calculation of expected fields from pulsed sources are important in medical transducer design, source apodization studies, and physical acoustics. This paper presents a technique for calculating the diffraction field of a planar pulsed ultrasound wave with arbitrary spatial and temporal dependence based on Fourier domain techniques that are analogous to the techniques used in Fourier optics. The propagation is characterized by the point spread function which is shown to be identical with the Green's function. In the spatial frequency domain, the transform of the point spread function is the propagation transfer function which behaves as a time-varying spatial filter of the form J&(c2t2 -zZ)"*]H(ct -z). This spatial filter acts to decrease the relative content of the higher spatial frequencies as time progresses. The effect of the receiving aperture is easily incorporated in the Fourier domain as another spatial filter equal to the spatial transform of the receiver's spatial sensitivity. Because of the use of the spatial Fourier transform the technique is amenable to computer implementation using FFT routines.
Numerical examples are offered, including field calculations from circular and square piston sources, truncated Gaussian sources, and illustrations of the effect of receiving aperture size. A simple device, a thermo-acoustic cell (TAC), is described that can be used for thermal wave imaging, thermal diffusivity or thickness measurement of materials. The TAC is comprised of a thin window in which the periodic thermal waves resulting from the thermal interrogation of a sample (the sample being positioned on the window of the TAC) diffuse with minimal loss into the cell, generating acoustical signals. The TAC differs from photoacoustic cell in that the cell window is opaque to photon and the sample is positioned on the window rather than inside the cell. Both the phase and magnitude of the acoustical signal within the cell are potentially useful for characterizing the sample. Preliminary experimental results indicate that the TAC is capable of characterizing the thermal properties of a broad range of materials and in several instances, at low modulation frequency, it demonstrated superior performance in comparison to photoacoustic cell. Rod and clad rod acoustic waveguides have been applied to the internal characterization of layered media by several investigators'. Typically, such applications make use of changes in the pulse amplitude and velocity of axisymmetric torsional, axi-symmetric radial-longitudinal and core-guided shear modes which occur due to mechanically-induced variations in 1) the geometry and elastic constants of the waveguide materials, and 2) the boundary conditions at the core-cladding interface. In this paper, the greater mechanical sensitivity of ultrasonic interface waves on clad rods is considered. In principle, such waves may propagate without attenuation on the core-cladding boundary if the core and clad elastic constants are suitably related and the velocity of plane shear waves in the core exceeds that velocity in the clad (such rods do not support core-guided modes). Even small perturbations in these conditions cause significant interface wave attenuation and mode conversion. An analysis of this attenuation sensitivity is presented. Experimental measurements of attenuation on glass-on-glass clad rod waveguides, imbedded between plys in a plastic cantilever beam subjected to mechanical loading, are described and compared with the analytical results. Potential applications in the monitoring of adhesive cure and structural changes inside materials are suggested. Significant degradation and variation in the output signal phase noise sideband spectra of VHF crystal controlled oscillators has been observed. The spectral degradation, which occurs for carrier offset frequencies extending to several hundred kilohertz, has been traced to short-term instability in the fifth overtone AT-cut, and third overtone SC-cut quartz resonators utilized in the oscillators, and is characterized by flicker of frequency noise forfm I 1 kHz and noise "peaks" at the location of prominent resonator anharmonic spurious responses. Up to 25 dB AM and PM spectral variation has been measured for identically fabricated crystals. The degradation is independent of oscillator type or circuit configuration. For "high noise" crystals the variation is drive-dependent. No correllation has been observed between resonator short term stability and either drive, stress, or temperature coefficients. Oscillator signal phase noise levels appear influenced by crystal instability even when the lowest noise crystals are utilized.
Monitoring of Strain in Layered Media
Details of the resonator stability measurement apparatus are described, and examples of correlation observed between short term instability in the oscillator output signal and oscillator resonators are given for both single and dual crystal oscillator designs. Simple screening tests, that do not require sophisticated or expensive instrumentation, are now available for incorporation into crystal purchase part drawings associated with low noise oscillator designs. A new temperature compensated thin film resonator consisting of a ZnO/ Si02/Si triple layer membrane is reported. In this resonator, a film of SiOZ sandwiched between ZnO and Si is located near the vibrational nodal point of the fundamental thickness-extensional mode. The SiOz film contribution to the temperature coefficient of resonant frequency (TCF) is large, and zero or low TCF can be obtained with a fairly thin SiOz film. Consequently, this resonator can be free from deformation due to a residual stress in the SiOn film, in contrast to the previously reported ZnO/Si02 resonator. We have developed 3 to 1 0 0 MHz strip-type resonators using single-crystals of LiTaO,. The resonator can be mounted on the surface of PCBs, has a low capacitance ratio, and has high stability. As a result, there are expected high stability and large frequency change for using VCOs.
When a variable frequency range of more than 0.02% has been required, it has been unobtainable with a V C 0 using a quartz resonator, and has to be obtained with a V C 0 using a coil. A V C 0 using a coil, however, is largescale, and sufficient stability and C / N can not be obtained. We constructed a VHF band V C 0 using a LiTa03 resonator, and compared its temperature stability and C/N to that of a V C 0 using a coil. The LiTaO, crystal was 40"-rotated and Y-cut, the resonance frequency was 49 MHz, and a capacitance ratio was 20 and Q was 600. Using a Colpitts type circuit with a variable capacitance diode, we obtained a V C 0 with a variable range of 1 %, a C / N of 80 dB, and temperature characteristics of k 0.12% ( -20 to + 60°C). Its C / N was 10 dB better than that of a V C 0 using a coil.
To implement modulators and local oscillators requiring high frequency stability and multiple channels, we used a PLL that synchronized the VC0 with a crystal oscillator using a phase locked loop (PLL). We obtained the temperature characteristics of k 15 ppm (-20 to +6O"C), the same high stability as quartz crystal. The C/N was 80 dB, and the S / N after demodulation was 40 dB, both 10 dB better than a coil-VC0 had been used. By using a PLL with a LiTaO, VCO, we achieved a wide band V C 0 with a variable range of approximately 1 %, stability on a par with that of a quartzoscillator and C / N 10 dB better than a VC0 using a coil. This enabled us to supply stable multi-channel transmission and reception with high SIN. An interdigital transducer technique is described, which has been used for generating and steering the acoustic beam on a LiNbOl bulk wave acoustooptic Bragg cell. The interdigital transducer, deposited on the x surface of the LiNbOl crystal, is effective on generating longitudinal waves with a radiation pattern consisting of two main lobes whose directions, dependent on the acoustic frequency, are contained in the xi: plane and lie at angles located almost symmetrically about the x-axis.
The acoustooptic interaction takes place in the xz plane between one of the acoustic beams and a collimated light beam polarized along the y direction. By a proper choice of the periodicity and of the electrode number of the interdigital transducer, a frequency dependent steering of the acoustic beam can be obtained, which allows the Bragg conditions to be satisfied over a wide range of frequencies.
Results are reported relative to a LiNbO, deflector operating in the frequency range 1.4-2.1 GHz with a diffraction efficiency of approximately two percent per watt of acoustic power. The time sidelobes of a Barker correlator output can be further suppressed by convolving the correlator output with a transversal filter. ' In the device described in this paper, one transducer formed the matched filter for the input Barker signal while the second transducer was a tapped delay line (TDL) for transversal filtering. The chief design problem was achieving the range (34 dB) of tap weights required.
SURFACE WAVE DEVICES AND APPLICATIONS
Chairperson
Rihaczek and Golden' write the correlated Barker spectrum as
where 7 is the chip length and N is the number of chips (13) Barker Codes are the most popular pulse compression binary radar signals. However, the -22.5 dB ( I to 13) compressed pulse sidelobe-to-mainlobe ratio of the longest available Barker 13 pulse limits the application of Barker Codes to a relative low clutter and low target density environment.
A unique Barker 13 compressor exhibiting over -28 dB (1 to 25) sidelobe suppression was designed and fabricated using the SAW reciprocal ripple design technique. The insignificant widening of the compressed pulse width ensures low mismatch loss and small SNR degradation at the devices output. An integrated thin-film structure is presented here to perform the function of transversal filtering. The device consists of a pair of interdigital transducers deposited on LiNbO; piezoelectric substrate for the generation of surface acoustic waves, a chain of periodic taps formed by depositing lnSb semiconducting film on the substrate. Each of the semiconducting InSb taps serve as both the nonlinear mixing element and the gain and phase control of the mixed signal. The output, which is the summation of each of the mixed nonlinear signals, produced at the semiconducting taps, can be represented by where W/, z ) = C AAOP(Z-n / ) n and nl is the location of the nth tap. The basic properties of this device, which are characterized by the gain and phase control of a single InSb element have been investigated both experimentally and theoretically. The magnitude of the mixed signal at tap p is linearly proportional to the bias voltage V, for all practical applications and a change of 180" in phase at the mixed signal is observed when the polarity of V, is reversed. General agreement has been obtained between theory and experiments. Applications for such a device, including programmable bandpass, bandstop, and matched filtering, will be presented. The characteristics of the surface acoustic waves propagating on the threelayered structure comprising a piezoelectric ZnO film, a piezoelectric AIN film and a Kovar (#700 borosilicate) glass sheet has been studied. This three layered structure is superior to the two kinds of layered structures as an epitaxial ZnO film on sapphire' and a ZnO film on ceramic alumina? because the AIN film sputter-deposited on a glass substrate is the more inexpensive and versatile substitute for the sapphire and ceramic substrates. Both theoretical and experimental results have shown that the first mode leaky surface acoustic wave has a high velocity (Vp), a high coupling coefficient k 2 , a small temperature coefficient of frequency (TCF), and a tolerably small propagation loss ( P L ) when the wave number times film thickness (KH) of the ZnO film is around 1.0. The phase velocity dispersion to KH of AIN is very small also at KH where (H?O), is referred to as bound water, and H20 is generally referred to as free water. In the presence of alcohol, the bound state is stabilized and the equilibrium shifts to the left in (1). The increase in bound state meaos that on average, molecules have a greater degree of association with the neighboring molecules and they are held more strongly together. The increased binding force amongst molecules indicate that a large ultrasonic pressure must be applied to stretch the intermolecular bonds to a distance where they start to execute nonlinear behavior, i.e., the medium becomes less nonlinear. This means that the magnitude of B/A in water-like media is related to the relative amounts of bound and free water. Whether the estimates of bound and free water as determined from B / A measurements can be used to distinguish tissues, as has been shown for NMR imaging, will also be discussed. The theoretical basis of a new method for obtaining reflection mode images of the nonlinear parameter B/A is given. An expression of the instantaneous (not cumulative) phase shift in a reflected sinusoidal probe due to nonlinear interaction with an arbitrary pump waveform propagating in the opposite direction is derived. This instantaneous phase shift A4(7) is proportional to the convolution of the pump waveform p ( t , x ) with the spatial distribution E/ A(x) of the nonlinear parameter B/A along the propagation path of the pump and interacting probe. Thus where f is the probe frequency, p . the density and c, the sound speed in the medium. An analysis shows that a 2 p s unipolar pump pulse of 25 bar peak pressure interacting with a reflected 5 MHz sinusoidal probe will produce a phase shift of about 2.6" across a step change in B / A of 3 units. The sensitivity is directly proportional to the pump pulse width, the probe frequency, and the peak pressure of the pump waveform. Because of the convolutlon operation and the finite width of the pump pulse, A @ ( T ) is a filtered (convolved) version of E / A ( x ) . Further signal processing (deconvolution) is necessary to obtain an undistorted measure of B/A(x). However, it can be shown that spatial resolution on the order of 1 mm should be possible. Practical limitations as well as advantages of the method will be discussed. Methods for coding the probe signal to avoid the problem of multiple reflections along the pump-probe path will be presented.
On the Causes of "Unusual" Waveforms Observed in Measurement of Ultrasonic Shock Waves, K. J. PARKER and E. M. FRIETS, Department of Electrical Engineering, University of Rochester, New York 14627.
The classic descriptions of ultrasonic shock waves, or more generally, waveforms exhibiting finite amplitude effects, depict a standard sinusoidal pressure wave changing progressively to a sawtooth or N-shaped wave as the shock parameter increases. In practice, N-shaped or sawtooth waves are sometimes observed on an oscilloscope which displays the output of a PVDF hydrophone located in high intensity fields. More frequently, however, the observed waveform deviates significantly from the expected N-wave shape. This may lead to an incorrect conclusion that the hydrophone itself is somehow "nonlinear" even at intensities below loo0 W/cm2. Instead, there are three linear mechanisms which cause the observed waveforms to appear dramatically different from a sawtooth shape. The first is a relative phase shift between the fundamental and second (and higher) harmonics which occurs naturally in a focused field. This substantially affects the time domain appearance of the observed signal but not the spectral content. The second and third mechanisms concern cable and impedance mismatch effects which can affect both the time domain and frequency domain representations of the actual pressure waveform incident on the hydrophone. These effects can be modelled using transfer functions derived from straightforward application of circuit theory and electromagnetic transmission line theory. Examples will be shown of finite amplitude waveforms measured using a PVDF hydrophone. some having the classical sawtooth shape and others dramatically different. Independent experimental demonstrations of the linear effects cited above will be compared with theoretical predictions, and guidelines for minimizing unwanted transfer function effects will be given. Ultrasonic characteristics of a living Nitella cell have been observed by a differential phase measurement system using focussed ultrasonic beams emitted from the arched IDT's on a piezoelectric substrate. Two pairs of arched IDT's on the substrate are used for the excitation of both sample and reference ultrasonic waves into two water pools. Keeping the present system in a temperature stabilized box, the phase fluctuation of up to 0.1" and the velocity change larger than 2 mm/s can be detected. A Nitella cell has been placed in the sample pool. That plant cell is well known to exhibit the electrical excitation and plasma streaming phenomena, and is often used for electrophysiological investigations.
In the steady-state phase outputs of Nitella, two different phenomena have been observed: 1) small random phase fluctuations, and 2) large spike-like phase changes in a phase-leading direction. The phase measurements have been made also at the plasma streaming cessation caused by the electrical excitation. It has been found that the small fluctuations is suppressed by the excitation.
The reason for the phenomena is not clear, but believed to originate from the living activities of Nitella. The work is the first report which describes the ultrasonic characteristics of a single living cell. This paper focuses on the relationship between the spatial and temporal convolutions which occur in the operation of a finite-sized ultrasonic radiator. Using a distribution of point sources to model a finite ultrasonic source, it is shown that a smoothing effect results in the detected waveform from the spatial convolution of the individual point sources into a finite-sized element. An additional smoothing results because of the temporal convolution of the band-limited excitation signal and the band-limited response of each point source comprising the transducer. It is shown that the total output response of a transducer operating as a source is a superposition of these two effects, resulting in a waveform whose frequency response is determined by the product of the spectrum of the excitation, Green's function and the equivalent spectrum of the spatial distribution of the source. Implication of these temporal and spatial effects for obtaining a complete characterization of an ultrasonic transducer operating as a source is discussed. Although ultrasonic hydrophone probes are routinely used for both medical and industrial applications. the influence of built-in (integrated) preamplifiers on their performance is rarely addressed in a systematic way. The influence of the associated electronics on the measurement of acoustical field properties goes beyond the frequency response, inputloutput impedance, overload/shoncircuit protection, dynamic range, and gain requirements. The parameters of the ultrasonic sensor itself, such as complex impedance (more specifically, the capacitive reactance of the sensor), length of the accompanying cable, and terminating load, must also be considered. It is widely believed that dependence on these parameters can be universally overcome by employing a preamplifier. This paper examines the practical aspects of incorporating builtin voltage, charge, or line driver preamps into miniature ultrasonic sensors. Special attention is given to applications requiring the measurement of high amplitude transient pressure signals.
Experimental results indicate that, although there are certain advantages to the use of an integrated preamp. there are several applications in which excluding the preamp from the sensor element can improve the reliability and simplicity of the measurement arrangement. Thus the use of a built-in preamp may not always be desirable, and may even lead to erroneous results. Specifically, it will be shown that an integrated preamp increases the complexity (and thus the price) of an ultrasonic probe transducer, not only due to the additional electronics involved, but also because an extra wire is required in the signal cable to supply a biasing voltage. Further, measurement reliability considerations require that the preamp include provisions for insert voltage calibration procedures. The concept of equivalent noise pressure for evaluating the overall performance of a built-in preamp will also be discussed. Finally, the advantages and drawbacks of including a preamp with or close to a sensor element will be outlined as a function of particular applications. Many types of power apparatus are constructed by encapsulating metals in epoxy or other dielectric materials. The desired result is a complete impregnation of all air spaces around the metal. Voids occluded in the insulation will have partial discharge which will lead to the eventual failure of the insulation system near the void. Present quality control methods measure the electrical activity due to partial discharge. If the discharge magnitude is greater than a prescribed limit the apparatus is often scrapped because of the difficulty of determining the cause.
A technique has been developed to locate the sites of acoustic emission generated by partial discharge in such dielectric-metal composite structures. Insulating acoustic waveguides are mounted on the surface of the apparatus. These waveguides are used to receive the acoustic emission signals propagating in the apparatus. Various correlation implementations have been used to estimate the relative time delay between the received acoustic emissions. These time delays are then used to estimate the locations of the emission sites.
An Algorithm for Flaw Detection and Sizing in Offshore Steel Structures, A. BROWN, Bendix Avelex Inc., Montreal and A. J. AL-KHALILI, Concordia University, Montreal, Canada.
An algorithm for flaw location and sizing in offshore steel structures is presented. The algorithm depends on the usage of switched array transducer and a computer mouse in order that a complete three-dimensional picture of the flaw can be presented to the memory. Simulation results show that the method is feasible and practical.
The transducer used is small, and minimum cleaning of the area under test is required, which is a great advantage of this method. While the overall hardware is small, the three-dimensional picture of the weld area can be used to judge the severity of the flaw and to determine the necessity for repair.
Leaky Rayleigh Wave Clamp-on Flowmeter, L. C. LYNNWORTH and T. H. NGUYEN, Panametrics, Inc., Waltham, MA 02254.
Rayleigh waves can be readily launched and detected on the outer surface of pipes in which liquids are flowing. Apparently overlooked, however, is the observation that if the Rayleigh wavelength XR is not too short with respect to pipe wall thickness W , then the waves leak or couple with adequate efficiency diagonally across the liquid. It is often convenient to operate in the range 0.5 < X R / w < 2. From contrapropagation measurements of transit times between two external clamped-on transducers, the flow velocity can be calculated. Desirable characteristics achieved with Rayleigh waves include: 1) extended source, so transducer spacing S is not critical; 2) propagation in pipe wall is not dispersive: one pair of flat-faced transducers can measure flow in metal pipes from I to 186 inch diameter and in some nonmetal and lined pipes too. For ultrasonic measurement of relatively small flow velocities phase methods are preferred because of their higher resolution. We avoid their dependence on the fluid's sound velocity by the "lambda locked loop" (LLL). This means, that the wavelength of the transmitted ultrasound in the fluid is held constant by a loop. which automatically controls the frequency of the ultrasound for a constant phase angle on the receiving transducer. So in a flowing fluid we get two different frequencies, depending on, whether the ultrasound is sent in upstream or in downstream direction. The difference of these frequencies is a measure of flow velocity, independent on speed of sound.
Our special ultrasonic transducers are thin plates of piezoelectric ceramics with two interdigital electrodes on one side and a common back electrode. By applying two electrical signals of opposite phase to the interdigital electrodes we obtain a directed radiation of ultrasound with an angle determined by the periodicity of the interdigital structure and the wavelength in the fluid at the excited frequency (e.g. 2 MHz). In the receiving mode the interdigital electrodes are connected to the inputs of a differential amplifier effecting the same directivity. Our transducers can be built planely into the wall of the measuring pipe, without disturbing the flow, and they radiate in a direction (preferably 45"), which has a component in the direction of flow. By the use of the LLL method this angle is held constant. For small rectangular pipes the interdigital transducers can be made broad enough to fill out the whole crosssection with ultrasound, thus eliminating the influence of the flow profile.
Reflecting the ultrasonic beam (n + 1) times on the walls of the pipe increases the resolution and minimizes the cross-flow influence. Guided acoustic waves are characterized by the material density p, and Lame constants X, and F,, but guided optical waves are characterized by the permittivity c, and permeability i , in a cladded fiber waveguide consisting of an isotropic core with i = 1 and an isotropic cladding with i = 2. If weakly guiding conditions are assumed for the fiber acoustic waveguide, i.e., 1 ( p 2 -p l ) / p , I R 1 and (p1 -pl)/pl R 1, and for the fiber optic waveguide, i.e., i2 = i , , and (n, -n2)/n, R I , where e = n * , the mathematical expressions of the dispersion curves for the flexural, torsional, and radial axial acoustic modes are identical to those for the hybrid transverse electric and transverse magnetic optic modes, respectively. It means that some other properties such as group velocities, cutoff conditions, etc. for these corresponding modes are the same in mathematical form as well. Although there is no analogy between the longitudinal acoustic mode and any optical mode in weakly guiding fiber waveguides, some of the knowledge in well studied fiber optics research may still be directly transferred to understand the other modes in the developing fiber acoustics. Cladded glass fiber waveguide made of pure or doped fused silica as core or cladding materials, however, can be used for either fiber acoustic or fiber optic waveguides or both. Waveguide considerations for guiding simultaneously acoustic and optic waves, even for single mode propagation are outlined. For both waveguides, the loss mechanisms, dispersion properties, the coupling techniques especially using focused acoustic and optical waves and the applications in the fields of telecommunications and industrial sensors are discussed. In fiber acoustic waveguides with small differences between the acoustic parameters vs,, V',, and p, of the core with i = I and cladding with i = 2, two groups of modes exist. One group with the axial component of the particle displacement vector U; contributing negligibly to the power flow and thus referred to as shear type modes, and another group. the longitudinal type modes, in which the power is essentially carried by the axial component U ; . The shear modes may be torsional, radial or flexural. are essentially independent of the longitudinal velocities and propagate with phase velocities less than the shear velocity of the cladding. The longitudinal modes are not of strictly guided nature but leaky, and propagate with phase velocities lying between the longitudinal velocities of the core and cladding. In cladded fiber acoustic waveguide, these modes have not been reported before. They become ideally guided if the shear velocity and density differences ( E = I -VYI l / V , Y l , E ' = lpz -p 2 1 / p I ) vanish. Otherwise, they attenuate as exp ( - 
PHYSICAL ACOUSTICS
az) along the fiber. It is shown that the attenuation coefficient a is of O(e2).
The longitudinal character of these modes is primarily governed by the longitudinal velocity difference ( E " = 1 V,: -VI I 1 / V L I). Apart from the attenuation coefficient a , other properties of longitudinal modes such as phase and group velocities, cutoff frequencies and power flow are given and they are essentially independent of shear velocities. The dominant longitudinal type mode is the first circularly symmetric mode Lo,, while the dominant shear type mode is the first flexural mode (Fll). Both Lol and F , , modes have a zero cutoff frequency and hence are all pass modes. The comparison between longitudinal and shear type modes in their potential industrial applications will be discussed Miniature Quartz Resonator Thermal Detector, J. E. RALPH, 1. E. CURRAN, R. C.
KING and J. S. PAGE, Philips Research Laboratories, Redhill. Surrey, RH1 5HA, England.
Thermal infrared detectors may be used for a variety of applications including burglar alarms, spectroscopy and smart munitions. They can operate at room temperature and are cheaper than cooled photon detectors.
This device is a small quartz resonator which uses a 2-cut crystal to obtain a high temperature coefficient, and new technologies are used to make it very thin. The active region of the crystal is 200 microns square and about I O microns thick which gives a small thermal capacity and a high frequency. The electrodes are semi-transparent to admit the radiation and temperature changes resulting from absorbed radiation are detected by observing the changes in frequency. The frequency stability of the crystal can theoretically give near background limited performance, which would be considerably better than conventional thermal detectors.
The performance of the quartz detector is chiefly limited by the oscillator frequency noise which has a calculated standard deviation of lo-'' and by the absorptance of the detector which can be as high as 70 percent. Current experimental detectors have a frequency noise of about and an absorptance of about five percent. This leads to an experimental value of detectivity D* near IO' cm W-' at 10 Hz compared to a predicted value approaching IO'" cm W-' Hz"'.
Current research is aimed at reducing the noise and increasing the absorptance.
Transducers with Screen Printed Matching Layers, R. F.
VOGEL. Electrical and Computer Engineering, The University of Iowa, Iowa City, IA 52242.
The benefits and possibilities of continuously varying impedance matching has been discussed in a previous paper'. Nearly continuously varying impedance can be realized with screen printed layers. Screen printable materials with the entire range of impedances needed for matching PZT to water have now been identified and tested. New test methods will be explained. Results for the new materials will be given. A transducer with printed matching layers has been constructed. The method of construction and various measured results will be given. Techniques for using this matching method on several types of transducers, including thickness, arrays, backed, unbacked, and annular types, wlll be discussed. In metals and graphite-epoxy composites, the high-strength elements arc also the prime thermal conductors. Thus, flaws and failures in these elements are expected to produce anomalies in the phonon diffusivity. Most measurements of diffusivity in thin plates depend on thermal flow through the plate, and so are insensitive to these anomalies. In contrast. this technique depends on thermal flow parallel to the plate faces. which increases the sensitivity.
Through the use of highly controlled heating patterns in conjunction with thermal imagery, the diffusivity tensor is measured in a manner which is remote, noncontacting. and independent of emissivity. The determination of the diffusivity tensor is accomplished through analysis of thermal patterns evolvmg from heated lines with varying orientations. The analysis also calculates the rate of heat loss to the surroundings, a significant factor in thin plates. The work reported includes measurements in stainless steel, used as an isotropic control, and unidirectional samples of graphite-epoxy composite material. A recent experimental investigation' has shown that the spectrum of the resonance frequencies of plates can be obtained by ultrasonic pulse techniques. By physically analyzing the distortion of the reflected wave trains, we have developed a method through which the parameters of the plate resonances, and hence the physical constants of the plate material, can be determined by ultrasonic means. In the course of this development, the physical origin of the plate resonances has been elucidated, and we have shown, similarly as in a previous study on resonant sound reflection from a layered Ocean bottom,' how the observed ringing of ultrasonic resonances is caused by multiple internal reflections in the plate. A series of back-scattering experiments employing wavetrains with carrier frequency on or off a resonance has been interpreted in this fashion, with perfect agreement between theory and experiment. 
Ultrasonic Resonances of Plates and Determination of Their Material
SURFACE ACOUSTIC WAVE OSCILLATORS
Chairperson: W. J. TANSKI, United Technologies Research Ctr.
A Miniature Hybrid Circuit SAW Oscillator Using an
All-Quartz Packaged Resonator, G . K. MONTRESS, T. E. PARKER, and J. CALLERAME, Raytheon Research Division, 13 1 Spring Street, Lexington, Massachusetts 02173.
A high performance. miniature SAW resonator oscillator has been designed and fabricated based upon a combination of hybrid electronic circuitry and the novel all quartz packaging technique. ' The entire 400 MHz SAW resonator oscillator is contained within a volume of only 0.25 cubic inches, and yet state-of-the-art short-and long-term stability performance is possible.
Typically the single sideband phase noise to carrier level, C(f), is in the range of -65 to -75 dBc/Hz atf = 10 Hz, while the fractional frequency stability, u., (7), is in the range of 3 to 6 X IO-'' for 0.01 < 7 < 1 seconds. In addition to focusing on minimum oscillator size. technical goals also included minimum dc power consumption (< 20 milliwatts) for a circulating loop power of 0 dBm, or greater. The miniature oscillator's temperature must be stabilized in order to minimize the drift and improve its intermediate-term stability.
Measurements of oscillator short-and medium-term stability will be described, including a discussion of oscillator performance in the context of an intermediate-term stability requirement of S X 10-lo/min over 15 minutes. Residual noise about the mean slope should be less than 2 x The miniature oscillator's design will be described. Preliminary results involving oscillator long-term stability and vibration sensitivity should also be available. 
IEEE TRANSACTIONS ON ULTRASONICS. FERROELECTRICS. AND FREQUENCY CONTROL, VOL. UFFC-31. NO. I , JANUARY 1986
A new method of improving the temperature performance of SAW delay line oscillators through transducer design is described. The technique further flattens the already compensated frequency versus temperature curve of certain beam steering cuts. This improvement can lead to a reduction in requirements for oscillator ovens. In the past, beam steering was considered an undesirable effect to be avoided or minimized. But a detailed characterization of beam steering, including its temperature dependence. reveals its potential as a tool for improving temperature performance. Experimental oscillator measurements and computations of beam profiles suggest transducer geometries which compensate thermal variations in time delay. The phenomenon can be viewed as a temperature dependent transducer apodization which permits analysis of the delay line by standard transducer models. Now the transducer length, aperture. separation and element placement can all be tailored for improved temperature compensation. The presentation will include analysis of several designs and experimental results obtained from Xcut, 33.44 propagating quartz delay lines. The experiments show a reduction of second order temperature coefficient of frequency from 21.9 ppbi"C? to 5.5 ppb/"CL. Using an automated frequency stability analyzer. the phase noise and Allan variance characteristics of a driven 673 MHz SAW resonator oscillator were measured in a study of noise relationships between the SAW oscillator and those for the injection source. A low-noise frequency synthesizer (C(f) < -110 dBciHz atfF = I kHz) was used as the injection source. Below injection lock, the phase noise and stability of the driven SAW oscillator were the same as those for the free-running case, as measured for Fourier offsets 1 Hz I fb S 10 kHz and measuring times O.ooO1 S S r 5 100 S; with UJT) -at r = 1 S. In the injection threshold region, a significant increase in oscillator noise was measured, commensurate with the onset of beat frequency spectra;
with Allan variance uJr) -10.' at r = 1 S. Immediately into the injection lock condition, however. it was found that the SAW oscillator adopted the noise characteristics of the injection signal, (even for measurable injection power levels <30 dB below that of the SAW oscillator), with uy(r) -2 x 10 -l 1 at T = 1 S . It is postulated that this phenomenon should be fundamental to the noise performance of all types of injection-locked oscillators.
Electrical Tuning of the Acoustic Velocity of Transverse SBAW in 38XLiNh03, J. B. THAXTER. P. H. CARR, and J . H. SILVA, Rome Air Development Center, Electromagnetic Sciences Division, Hanscom AFB, MA 01731.
Electrical control of transverse shallow bulk acoustic wave (SBAW) velocity in 38XLiNb01 (X = 0, p = 38", 19 = 0) by application of both transverse and normal dc electric bias fields is investigated. This configuration is of interest for delay h e and convolver devices because the high acoustic velocity permits high frequency operation and propagation in the SBAW mode reduces scattering from some surface defects. In our experimental delay line configuration the SBAW travels just beneath the gap of long parallel surface electrodes which provide either a transverse (in-plane) or normal dc electric field. A fractional change in acoustic velocity as high as 30 PPM has been measured for a 100 volt bias at a gap width of 150 PM. This value is comparable to the most sensitive transverse or normal electric field effects seen in SAW devices. Although the measured velocity change is linear in applied voltage it does not have the inverse relationship to gap width observed in similar SAW devices. To explain the observed variation of voltage tuning sensitivity with device geometry, we measure devices with a variety of gap spacing and model the SBAW interaction with the dc bias field. A SAW delay line filter with a narrowband interdigital transducer consisting of a periodic array of wideband taps has a series of narrow passbands with a frequency separation equal to the reciprocal of the propagation delay between the taps. When this filter is placed in the feedback circuit of a SAW delay line oscillator, stable oscillation is possible at any of the passband frequencies. A varactor tuned LC matching network, with a bandwidth equal to the mode spacing, allows a particular frequency to be electronically selected. By this mean several discrete oscillators can be replaced by a single component without loss of tuning speed. Various tradeoffs exist between switching speed, mode spacing and the total number of frequencies available. These matters will be discussed as part of the theory and operation which will be presented. Results obtained for an oscillator operating around I GHz will be described along with its use in a frequency synthesizer. Lateral resolution limitations for medical ultrasonic imaging systems are set by diffraction and are determined by transducer geometry and frequency of isonification. These limits may not be achieved when imaging the human body, however, since the inhomogeneous nature of biologic tissue and the existence of rough interfaces separating adjacent tissues give rise to scattering, which may significantly alter the form of an interrogating ultrasound beam. The purpose of this investigation is to quantitatively assess the effect of the inhomogeneity of the tissues involved in cardiac imaging on system lateral resolution.
IMAGE QUALITY
The potential beam distortion due to the presence of biologic tissue is studied by observing ultrasonic echoes off of prosthetic mitral valves (BjorkShiley type) using a commercial phased array sector scanner (Hewlett-Packard 77020). A method is developed for estimating beam characteristics by measuring the dependence of the amplitude of ultrasonic reflections from the valve disk on the angle of incidence. By comparison of beam properties determined from a valve in vivo with those obtained using a second identical valve placed in a nonscattering medium (i.e. water) at the appropriate depth, it is possible to deduce the effects of the tissue.
The tissue is modeled as a wide-sense stationary gaussian random phase screen. The parameters that describe the performance of the screen (rms phase and phase correlation length) are evaluated by comparing experimental measurements to computer simulations which employ random phase screens of known rms phase and correlation length. Current real-time ultrasonic pulse-echo systems can be limited in average transmit power. by peak-power constraints, and in speed, by the necessity to sequentially scan. In previous studies, we have shown that correlation systems can overcome both these limitations in the presence of nonmoving targets. This study examined the applicability of correlation systems to practical realtime imaging situations involving moving targets and clutter. The study was carried out through simulations of the generalized ambiguity function and a derived system signal-to-noise ratio. Results indicate that whether a correlation system is better than a conventional system depends on the target velocity and the clutter-to-noise ratio, and that special pseudo-random Golay codes provide the best overall correlation system performance. Although the special Golay code properties of self-noise and cross-correlation cancellation are diminished as the velocity of a target increases, the degradation of system performance was found to be minimal for all but the fastest moving targets in medical imaging applications.
Speckle Reduction in Ultrasound B-scanning:
.4 New Approach Using Phase Information, G. M. DOHERTY and D. A. SEGGIE. Department of Physics, King's College London, Strand, London WC2R 2LS, UK.
In medical ultrasound B-scanning the echoes backscattered from an insonified object are amplitude demodulated, prior to gray-scale mapping. In this, and coherent imaging systems generally, speckle represents a potentially major source of undesirable noise. For the pulse-echo configuration. speckle arises when many scatterers are contained within the image resolution cell. However, the resultant image textural characteristics may bear little or no relation to the specific object scattering distribution. We demonstrate that there exists a close relationship between the conventionally discarded, but readily available r.f. signal phase, and the minima of the speckle pattern. This observation forms the basis of a new technique for reducing speckle in ultrasound B-scans. without unnecessarily degrading image resolution. The technique is illustrated using real back-scattered data, obtained in the laboratory from a tissue-mimicking phantom. The feasibility of implementing this method in a real-time clinical scanner is discussed. East Lansing, MI 48824. Current pulse-echo ultrasonic imaging systems suffer the following drawbacks. 1) The resolution is inherently limited by the pulse width of the transmitting pulse. a large narrow pulse could reach hazardous instantaneous energy level.
2) The return echo is only sensitive to acoustic impedance variation at the interface, medium without distinct boundary formation such as early stage tumor could not be detected. 3) Range accuracy has been hampered by the fact that the ultrasonic pulses transmitted from the transducer have an unpredictable short time delay for each timed electrical triggered pulse.
This paper reports the theoretical and experimental results of techniques developed recently for improving each of the deficiencies above. 1) Instead of using a single narrow pulse, a pulse-train coded sequence is employed. The return signal is recovered by cross-correlation with a delayed version of the transmitted sequence. 2) By applying signals to opposite sides of the target. the attenuation as well as boundary reflection properties can both be retrieved.
Imaging by attenuation characteristics has been obtained. 3) To resolve the random time shifting of transmitted pulses, a small physical reference is placed in front of the transducer. The return signal from this marker is then used as time reference for the remaining echo train. Imaging with and without the use of time reference will be presented. A common figure of merit for imaging systems is resolution-the ability to differentiate two or more closely spaced point targets. When applied to ultrasonic images for medical applications. however, it is not an adequate measure of performance. The clinical user is also concerned with differentiating subtle textural changes in tissue. We refer to this figure of merit as contrast resolution.
This presentation will review basic principles of ultrasonic imaging, and explore the systematic requirements and trade-offs necessary to achieve good contrast resolution along with good detail resolution. Representative images from an instrument designed to meet these goals (Acuson Model 128) will be shown and discussed.
ACOUSTIC MICROSCOPY I
Chairperson: E. ASH, University College London Evaluation of Scattering Loss in Polycrystalline Materials by Line-FocusBeam Acoustic Microscope, J. KUSHIBIKI. Y . MATSUMOTO, and N. CHUBACHI, Department of Electrical Engineering, Faculty of Engineering, Tohoku University, Sendai 980. Japan.
In this paper, an application of the material characterization by means of the line-focus-beam acoustic microscope system' is described to make structural and quantitative analysis of polycrystalline materials by measuring frequency dependence of propagation losses of leaky SAWs excited on the boundary between a coupling liquid of water and sample to be examined. Experiments are made for two samples of Mn-Zn ferrite with average grain sizes of 8 Fm and 50 pm at frequencies from 50 to 300 MHz. Measured propagation losses show remarkable dependence of the frequency as well as the grain size. Scattering losses for leaky SAW'S are estimated from the measured propagation losses based on theoretical analysis of the propagation characteristics, taking the scattering effect of the grain boundary into consideration. Further making measurements of propagation losses of longitudinal waves for the same samples, the relation of scattering loss between bulk wave and leaky SAW properties in materials is discussed. It is shown in this study that the scattering characteristics of leaky SAWs are dominated by those of shear waves from the result that the values of scattering loss for shear waves are about eight times as large as those of longitudinal waves. Acoustic microscopes have been constructed using transducers in the shape of spherical caps, instead of the usual arrangement of a planar transducer located at the opposite end of a rod from the lens surface. The focal plane fields and V ( z ) response for these spherical transducers has been studied with the help of Fourier Optics. In this paper we report on a complementary study of the V(z) response based on ray-optics. The ray approach accounts for the contributions to the output voltage due to the acoustic fields geometrically reflected from the object surface, and for the contribution due to the leaky Rayleigh wave excited on the surface. The effects of diffraction are included for transducers with a step pupil function. while apodization is taken into account for transducers with a continuous pupil function.
Ray-optics has the advantage of giving simple geometric insight into the wave mechanisms involved. For example, it clarifies the mechanism that causes V(z) for an un-appodized transducer to have quasi-periodic variations even in the absence of the Rayleigh wave. For well apodized transducers, rayoptics yields a closed form expression for V(z). From this expression it is seen how dissipation and anisotrophy of the ob.ject influence output voltage.
Theory of Image Reconstruction in Laser Scanned Acoustic Microscopy, BEN HOOR SOUMEKH and ROLF K. MUELLER, University of Minnesota, Dept. of Electrical Engineering, 123 Church St. S.E., Minneapolis. MN 55455.
In laser scanned acoustic microscopy one observes the normal displacement caused by the acoustic wave striking an optically reflective surface. It is the purpose of this paper to derive equations which relate the observed surface displacement to the inhomogenieties in an acoustically excited predominantly homogeneous object. Starting from the general wave equation for sound propagation in an inhomogeneous but isotropic material and using Born's approximation, a wave equation which links the observed surface excltations with object inhomogeneities, is derived. This equation is a two dimensional inhomogeneous Helmholtz equation with a propagation constant equal to the Rayleigh wave propagation constant. The inhomogeneities which are observable (can be imaged by inverting the Helmholtz equation) depend on the nature of the incident field. An algorithm for inverting the Helmholtz equation in order to image the inhomogeneities has been derived. Simulations using this image reconstruction algorithm will be shown.
This work was supported by SRC. High resolution images of acoustic test features on lithium niobate delay lines have been obtained using a scanning laser acoustic microscope using surface waves for the insonification source and using digital image processing to reconstruct the image (wavenumber image). The resolution has two components in its description, spatial resolution and acoustic resolution. The spatial resolution was set by the spot size of the laser beam on the sample surface which currently is about eight microns but ultimately will be about one micron. The acoustic resolution, the ability to detect small differences in wavenumber or velocity between adjacent spatial locations, is about 0.1 percent. A major source of noise in the reconstruction algorithm is the presence of more than one acoustic propagation mode in the incident field, namely shear waves generated by the same transducer which launches the Rayleigh waves. Removal of the incident shear wave spatial frequency via software (e.g. filtering) is essential before attempting image reconstruction. Additionally it is necessary to remove changes in the amplitude of the received acoustic signal caused by laser output fluctuations and variations in the reflectivity of the sample surface. This is accomplished by normalizing the acoustic signal with the optical signal in both hardware and software. Fourier Optics has proved most satisfactory in calculating the V(z) response of uniform specimens with no variation of material properties normal to the direction of the lens axis. The purpose of this paper is to investigate the applicability of Fourier optics to explain acoustic images obtained when the material properties vary in the specimen plane.
Initially we have used a simple membrane model of the specimen surface in order to allow us to obtain exact solutions to the wave equations. The reflectance function of the membrane shows similar features to that of an elastic half space except for the presence of lateral waves, in particular, the predominant feature, in both cases, is the 2 pi phase change around the critical angle for excitation of surface waves. Variation of the surface density with position allows one to calculate the resolution of the acoustic microscope as a function of defocus. The response of both cylindrical and spherical lenses is calculated and the effect of anisotropy in limiting resolution is discussed.
IEEE TRANSACTIONS ON ULTRASONICS, FERROELECTRICS, AND FREQUENCY CONTROL,
VOL. Surface damage i n the form of microcracks often leads to mechanical weakness in ceramic materials. Such microcracks slowly propagate under low load5 and can cause premature failure. It is, therefore, important to characterise the surface of such ceramics and specify the required surface roughness to minimise the possibility of the introduction of cracks during component preparation.
It will be shown that acoustic microscopy at about I GHz provides detailed information in this respect. The effect of surface roughness and pores on crack propagation are discussed and illustrated by a range of micrographs taken from artificially induced cracks in composite alumina. We have imaged crack tips as small as 1 0 0 nm in unprepared surface alumina-the advantages of acoustic v5 optical imaging will be demonstrated. Finally we will show results which indicate how a network of fine cracks can be distinguished from grain boundaries by using the familiar V(z) technique. The reduction of the size of resonators can be a solution to several problems related with the volume. the power consumption. the warm-up time, the gsensitivity, etc, and even the cost of oscillators. However it is a necessity to achievc oscillators and filters at higher frequencies. The development on the one hand of miniaturcd length extensional and thickness shear quartz and LiNbO, resonators. in a frequency range of a few MHz or 10 MHz, made by chemical o r by laser etching, and on the other hand of high frequency thin membrane inverted mesa I GHz resonators made by ionic etching will be presented. Then stabilities and main characteristics will be compared and snme applications to oscillators. filters and sensors will be given. Ultrahigh frequency quartz resonators are being fabricated up to 1 . 0 0 0 MHz by chemical polishing. Etching processes have matured to the point where nearly flawless surfaces can be obtained after deep etching. Electrical parameters have been improved to acceptable levels for filter and oscillator development. Difficulties in setting the resonator frequency limit the current useful range to near 400 MHz. The useful limit is being pushed higher by advances in masking and plating technologies.
BULK WAVE RESONATORS
Third overtone 320.000000 MHz resonators have been adjusted to within 10 ppm at 25°C without an oscillator. Seventy MHz fundamental AT cut resonators have been adjusted to within 7 ppm w8ith an oscillator and 10 ppm without an oscillator. Higher frequency resonators can be set on to frequency if an oscillator is available, although many times an oscillator is unavailable until a sample crystal can be provided near the desired frequency.
Typical crystal parameters of chemically polished resonators are listed below:
-.
- The trend in modern communication and navigation systems is to require acoustic resonator and signal processing devices with steadily increasing frequencies and low losses. Thin membrane resonators and monolithic crystal filters that operate on the fundamental in the VHF and UHF ranges are being developed to satisfy these needs'.'. Losses in devices of this nature arise almost exclusively from the bulk material acoustic damping. Using the Christoffel formalism for wave propagation in crystals, with the viscosity tensor, the room temperature damping in quartz plates executing simple thickness motion may be calculated. We have applied the results to obtain the three model viscosities and motional time constants of both singly and doubly rotated quartz cuts of current and future technological interest, e.g., AT, FC, IT, SC, RT, BT, AK, LC, and NLSC families of cuts. The time constants determine individual modal attenuations and unloaded Q values; these are important to know since all three thickness plate modes are generally driven using thickness or lateral fields', and unloaded Q is found to be correlated with oscillator noise'. Locations of extrema of modal viscosity and of time constant are given, along with equivalent network descriptions of plates with acoustic damping. The composite resonator consists of a uniform thin layer etched in a small well-defined region of a semiconductor wafer to form a diaphragm, upon which is deposited a thin piezoelectric film along with the electrodes to form a resonant region directly on the wafer. Although the composite resonator, which operates in an essentially thickness-extensional mode, can be constructed to employ energy trapping, all existing experimental work in the literature is for the case when trapping is not present. All previous analytical work expressly ignores radiation into the bulk semiconductor except one treatment, which unrealistically ignores the junction between the etched diaphragm and the bulk semiconductor. In this work an analysis of the composite resonator driven into essentially thickness-extensional vibrations by the application of a voltage to strip electrodes is performed. The analysis includes all pertinent waves in the active region of the composite resonator as well as all radiating plate waves in the thick portion of the semiconductor. The solution consists of a sum of terms satisfying all differential equations and boundary conditions on major surfaces exactly and uses the appropriate variational principle of linear piezoelectricity to satisfy the remaining conditions across minor interfaces approximately. For the case of the aluminum-nitride film on gallium-arsenide the Q is calculated for both the configuration in which the film ends at the edges of the electrodes and in which it continues to the edges of the etched diaphragm when trapping is not present and for the latter configuration when trapping is present. The principle of Fourier transformation by wave diffraction has been demonstrated using surface acoustic waves by applying the input signal to a phased array of SAW interdigital transducers. The array acts like a curved diffraction grating that focuses and angularly disperses the generated acoustic waves according to the signal frequency. An array of individual output SAW transducers partitions the dispersed signal spectrum into contiguous narrow bands. The approach is novel and has a number of significant features. The spectrum analyzer/channelizer is passive. linear, and bidirectional, and offers the potential for operation over a very large (e.g. 50-60 dB) dynamic range. Phase information is preserved at the output. A number of experimental devices have been constructed on LiNbO,. The input arrays were apodized (Hamming window) by capacitive tap weighting of the IDT elements to suppress diffraction sidelobes. Additional spurious signal suppression was achieved by designing the output transducers for sidelobe subtraction. The devices were evaluated electrically and using a scanning laser probe. The effect of substrate anisotropy on the design is discussed.
Observations on Nonlinearities in Narrow-Aperture Slanted-Chirp SAW Devices, M. F. LEWIS, Royal Signals & Radar Establishment, St Andrews Rd, Malvern, Worcs., UK.
It has been known for many years that significant nonlinearities can arise in SAW devices when operated at high power levels. The possible applications of such effects are numerous and include power limiters, mixers, and parametric amplifiers. However such operations are straightforward and are invariably performed more easily with semiconductor devices. Indeed the only successful application of SAW nonlinearities to date is the SAW convolver whose signal processing capability greatly exceeds that of any semiconductor competition. In this paper we outline the principle of another possible sophisticated application of SAW nonlinearities. In the proposed device a slanted chirp transducer arrangement is employed to propagate different frequency components over distinct physical paths, and so to saturate almost independently at high power levels. The scheme may be used to suppress C.W. interference in spread spectrum systems, and is far simpler than alternative Fourier-transform-based schemes which perform the same function. This paper will describe confirmatory measurements on the basic effect, and o n the generation of two-tone third-order intermodulation products in such devices.
(Invited) Applications of Custom SAW' Devices, RONALD C. ROSEN-FELD, Sawtek Inc., Orlando. FL 32860.
SAW devices have found widespread use in military and commercial systems. A review of applications of custom designed, low-to-moderate production volume SAW devices is presented. High-volume "off-the-shelf' SAW device applications are excluded. Types of SAW components covered include conventional and low-loss bandpass filters, filter banks, dispersive and nondispersive delay lines, PSK devices, reflective array compressors, resonators, multipole resonator filters and oscillators. Applications range from military satellite receivers and weather balloon radiosondes to commercial test equipment and local area networks. A wideband chirp-transform adaptive-filter system is described that is capable of providing both spectral monitoring and the excision of multiple narrowband signals. The 80-MHz-bandwidth system processes a wideband continuous 300-MHz center-frequency input signal in 10-ps segments, using two identical subsystems to achieve 100-percent duty cycle. Spectral analysis is achieved with a multiply-convolve-(multiply) configuration in the forward section of each subsystem. Spectral components can then be excised by time gating of the forward transforms. Subsequently, inverse-transform sections employing a (multiply)-convolve-multiply configuration recreate 12.5-p-long segments of the filtered time-domain signal. Using the principle described previously', these output segments from the two subsystems are overlapped by 25 percent and combined coherently in order to cancel artifacts introduced by the input segmentation. The coherence required is of the order of 7 PS between adjacent segments and is obtained by using the reflective array compressors bilaterally I so that both subsystems share common devices. The system provides one 100-!&z-resolution spectrum every 10 ps at a delay of 20 P S . The overall signal delay of the adaptive filter is 40 @S. Dynamic range in excess of 30 dB has been achieved. Excision of frequency subbands of 2400-kHz width by up to 30 dB will be described. Detection of spread spectrum signals in the presence of narrow-band interferences such as frequency hop signals and narrow-band jammers is of great importance. The implemented receiver rejects the narrow-band interferences by first performing real-time Fourier transformation of the received signal. This is followed by tracking and excising the narrow-band interferences in the transform domain. Finally the processed signal is inverse transformed and detected using square law technique. The heart of the implemented intercept receiver is the SAW chirp filters which are used for real-time Fourier transformations. They are all downchirp devices with 200 MHz center frequency, 60 MHz bandwidth and 60 ps delay. The received spread spectrum signal has a bandwidth up to 30 MHz and maximum duration of 30 PS. The advantage of using this receiver will be shown by presenting the measured probability of false alarm and detection for direct sequence spread spectrum signals with 10 MHz chirp rate in the presence of noise and narrowband interferences. Range-Doppler detection in a pulsed ultrasound flowmeter has been performed using a SAW-CZT spectrum analyzer, providing adequate speed for real-time sequential Doppler analysis in a large number of range cells. In vitro experiments using a prototype 32-cell system, first presented at the 1983 Symposium, demonstrated the capability of providing the instantaneous flow velocity profiles across a vessel. Recent work is reported, directed to make the system clinically experimentable in vivo. Impressive real-time images of blood profiles in major human arteries have been obtained.
MEDICAL/FLOW
Doppler signal outputs at 3 MHz rate from the SAW-CZT spectrum analyzer have been digitally processed to extract the mean velocity for each range cell. A microprocessor has been used to estimate the dynamic evolution of blood flow for a detailed clinical evaluation. distance a group of scatterers has moved between pulses. Because the time between pulses is known, the velocity estimate is self calibrating. Experiments with a 5 MHz transducer indicate that the standard deviation of the estimate of steady fluid velocity through 6 mm diameter tubes is less than ten percent of the mean. In many cases, the large velocity gradients near the edge of the vessel account for SO percent of this standard deviation. Since wideband transducers (Q = 2-3) can be used effectively with this technique, the fluid velocity can be determined with good range resolution. The high precision and good resolution of the velocity estimate indicate that quantitative flow mapping is possible. Experimentally, both buttermilk and Sephadex (20-80 pm dia.) have been used as ultrasound scattering fluids. Flow rates from 0.05 to 1 literlmin have been measured with a precision better than ten percent. Experiments which verify that the time domain correlation method works with whole blood have also been completed. Two dimensional fluid velocity can be estimated by slowly sweeping the ultrasonic beam across the blood vessel phantom. Total flow through the vessel is estimated by integrating the twodimensional velocity field and compared to accurate hydrodynamic flow measurements in order to determine the overall experimental accuracy of the time domain method.
(Invited) Real-Time Two-Dimensional Blood
Flow Imaging Using an Autocorrelation Technique, C. KASAI, Aloka, Co., Ltd., 6-22-1 Mure Mitaka, Tokyo 181, Japan.
A newly developed blood flow imaging system is presented in which blood movements in a living organ are displayed two-dimensionally in real-time.
In-flow measurements using Ultrasound Doppler, the important factors are 1) flow direction (forward or reverse), 2) the flow velocity, and 3) flow disturbance (laminar or disturbed). To obtain these parameters, we have developed a complex autocorrelator and have incorporated it in conventional Doppler detection circuitry. Since a close relation exists between the power spectrum of a time sequential signal and its correlation function by Wiener Khinchine's theorem, the mean frequency of the spectrum and its variance can be obtained by using the autocorrelation value. The results are converted to chrominance signals and are displayed on a color TV screen. First the flow directioh is expressed by a difference in color. That is, forward flow (flow toward a transducer) is displayed in red, while reverse flow (flow away from a transducer) is in blue. The color intensities are increased in proportion to the mean flow velocity, and flow disturbance is expressed by changes in hue. This is accomplished by blending green to the previous flow colors in accordance with the spectrum variance. Thus the color of disturbed forward flow approaches yellow and that of disturbed reverse flow approaches cyan. Echo images from tissues are displayed in black and white superimposed on the color-coded flow images. Hospital clinical studies have been carried out, and good results have been obtained on normal and deseased hearts. The quantitative analysis of ultrasound Doppler blood flow measurement spectra, coupled with high resolution determination of vessel cross-section, allows the estimation of volume blood flow in the noninvasive evaluation of peripheral vascular disease. We have used duplex sonography to study quantitative hemodynamics in the vertebrobasilar and ilio-femoral arterial systems and correlated these results with clinical symptoms and angiography.
Clinical Applications of Quantitative
High-resolution real time imaging is performed using either 7.5 or 10.0 MHz, with simultaneous Doppler flowmeter spectra acquired using a 3.0 or 4.5 MHz system, respectively. Flow spectra are automatically converted from frequency to velocity using anatomic data available in the image and averaged over a cardiac cycle. Vessel diameter or cross-sectional area are measured from magnified freeze-frame images. A group of S4 patients with nonlocalizing symptoms of cerebral ischemia suggestive of vertebrobasilar disease has been studied with quantitative duplex measurements and angiography. Thirty percent of these patients were found to have significant carotid artery lesions which could account for their symptoms. An additional 37 percent were noted to have normal carotid systems but vertebral artery flow less than I O 0 ml/min; only two of these 20 patients had angiographically demonstrated vertebral artery lesions. In the lower extremities, quantitative femoral artery flow measurements have been taken at rest and during periods of reactive hyperemia to determine the significance of ilio-femoral lesions. While normals may have as much as a ten-fold transient increase in flow, significant lesions will only allow moderate increases. We feel that quantitative Doppler flow measurements may be helpful clinically in objectively identifying a group of patients with minor anatomic lesions, but significant hemodynamic dysfunction producing symptoms of ischemia. This paper introduces a method to assess flow parameters using pulsed Ultrasonic Doppler with a focussed beam perpendicular to the flow axis. In vitro experiments using conventional duplex instrumentation were performed to compare the theoretical model spectrum with the Doppler spectrum obtained experimentally. Traditionally. Doppler has not been used perpendicular to flow because of the low frequency shift obtained at angles close to 90". In our approach the angles made by the outermost rays of a focussed beam are shown to provide detectable Doppler signals even when the mean axis is normal to flow. Experimental findings show good correlation between the results of flow measurement using the conventional approach with a 60" angle between flow direction and beam axis, and the new right angle method. In addition, experimentally obtained Doppler spectra were clearly similar to those predicted theoretically. This technique might provide the solution to asses flow parameters in situations where a perpendicular approach is the only one available. Different specimens of highly attenuative fiber-reinforced composites (e.g. containing chopped stranded mats, woven fabrics etc.) have been investigated ultrasonically. Conventional pulse-echo techniques cannot be easily applied to characterize these materials, due to lack of multiple echoes. Using a transmission technique, we were able to map the attenuation and velocity in a reproducible fashion. In order to eliminate errors due to energy losses at the interfaces, we measured the attenuation with specimens in the shapes of wedges or steps. The mapping of attenuation and velocity provides a technique to predict nondestructively the periodicity (or lack of) of the weave, the heterogeneities of the fibers and, to a lesser degree, of the matrix, the misalignment of the fibers and other irregularities. The investigation of theoretical models to interpret our results is currently under progress and will be compared with the existing literature. Ultrasonic waves propagating in composite materials suffer from high attenuation at high frequencies. It is noticable especially when investigating thick materials (20 -30 mm and above) where frequencies higher than 1 MHz are the practical limit. Usage of lower frequencies poses another problem where the long duration of the transmitted signal causes many of the detected reflections to overlap to the extent that simple visual investigation of the time records is virtually impossible. In this paper we discuss the technique of digital signal processing that includes wave shaping by least-squares method and energy correction. We apply it to measurements made in epoxy samples using undamped transducers, and in graphite-epoxy samples using regular damped transducers. The processed signals display a better separation of the distinct events, a factor that will help in tasks such as velocity measurements and identification of damaged regions. Surface defects produced during the machining of ceramic materials ultimately determine the strength of the finished part. Actual grinding damage is complex, consisting of many parallel surface scratches and associated subsurface microcracks, which are generally held closed at the mouth due to surface residual stresses. Two complementary acoustic techniques to quantitatively evaluate such damage in a nondestructive manner have been developed by comparing data from silicon nitride samples with single long slot-like Measurement, inspection and testing are increasingly important in electronics, increases in density and complexity pace the industry. The steep learning curve rapid advances in semiconductors, electronics packaging, and storage devices intensive measurements to give rapid feedback on both processing problems and quality. The electronics industry depends upon better and more sophisticated of measurement in the competitive drive toward higher levels of complexity, and function. Measurements of various types account for between 20 and 40 of the activity in a competitive electronics plant. Measurement science is vital electronics in providing new methods for measuring submicroscopic distances, sion, materials defects, semiconductor quality, surface defects and non-contact vice characterization. Leading edge technology will continue to demand inspection and measurement techniques in order to drive rapid learning and to system reliability. Techniques that detect processing problems early are needed rapid feedback to the process in order to improve yield and to move to the next of technology. Better methods for detecting defects and analyzing circuit are critically important in improving reliability and avoiding catastrophic in which latent defects in a system components can lead to a large number of failures. A gated coherent ultrasonic pulse-echo technique was employed to test the free electron theory of direct electromagnetic generation of ultrasound in potassium. Measurements were made at 10 MHz at 4.2K on high purity single crystals of potassium oriented along the [ 1 IO] direction. The magnetic field dependence of the generation amplitude for the slow shear mode was studied as the angle between the incident radio frequency electric field and the [ 1101 direction was varied. A minimum in the magnetic field dependence of the generation amplitude has been observed to be strongly dependent on the direction of the electric field. The results are compared with the predictions of the free electron theory. The ultrasonic attenuation of 15 MHz and 52.5 MHz longitudinal waves in the polycrystalline sample Er, I S 7 H~0 S13RhJ34 was measured as a function of temperature at constant magnetic fields and as a function magnetic field at constant temperatures. The broad maximum shown in the attenuation curves for both frequencies is provided by a relaxation type attenuation caused by splitting of the low-lying energy levels of H o +~ ions. The ultrasonic attenuation of 15 MHz longitudinal waves was measured from 0.77"K to 20°K in Ern70sH@.295RhrB4. The two relaxation type attenuation broad maxima of this sample can be traced back to the same type of attenuation broad maximum displayed by polycrystalline samples ErRh4B4. and EronRxHoo 9,zRh4B4. Ero 70sHo,1 zu5Rh,B, underwent its superconducting transition at T,, and made a transition to the normal state at a lower temperature Ti? which was caused by the onset of ferromagnetic ordering of the Ho + ' and ER" ions. The crystalline electric field showed its effect on HO-' and Er+' by ordering these two ions at two different temperatures, T,,, and Tm2 respectively. in two different directions. The ultrasonic attenuation coefficient exhibited separate responses at these different phase transition temperatures. . ,
Information Extraction by Signal Processing
PHYSICAL ACOUSTICS
Interferometric Measurement of the Third-Order Elastic Constants in Germanium and Gallium Arsenide, YUTAKA ABE and KAZUAKI IMAI, Faculty of Engineering, Hokkaido University, Sapporo 060, Japan.
New measuring method of the third-order elastic constants (TOE) in solids by using an optical Fabri-Perot interferometer have been developed. The Fabri-Perot interferometer was made up of an optical mirror and the Alevaporated edge plane of the specimen. The magnitudes of the fundamental ultrasonic waves and the second harmonic which was produced by the nonlinear lattice interaction were measured through a change of the optical path length of the interferometer under intense ultrasonic excitation. The present method enables one tomeasure a small ultrasonic displacement with the accuracy of less than A even under relaxed environment for acoustic noise fluctuations. TOE and their linear combinations along the (100). ( I IO), and (1 I l ) axes in high purity germanium and gallium arsenide single crystals were derived from the experiment with the fundamental frequency of 30 MHz. The experimental results compared with the theory of the valence-force field approximation. The effect of piezoelectric constant on the nonlinear lattice interaction in GaAs is discussed. The acoustic nonlinearity parameters 6 have been determined using the ultrasonic harmonic generation technique in four heat treatable aluminum alloys of types ~X X X , ~X X X , ~X X X , and 7xxx. The measurements indicate a linear relationship between 6 and the volume fraction of second phase precipitates. Such findings are consistent with the ordered dependence of 6 on the molecular structure of cubic crystals for a given propagation mode.' Independent measurements made of the acoustoelastic coefficients in the same types of aluminum alloysZ show a similar functional dependence on second phase precipitates. The relationship between the nonlinearity parameters and the acoustoelastic coefficients is obtained for quasi-isotropic solids and is shown to substantiate the correlation between the two material parameters. Transient cavitation occurs when liquids are irradiated with ultrasound above some intensity threshold. Although transient cavitation is known to cause chemical reactions, very little is known about the site of these reactions or the effective temperatures reached during cavity collapse. We have developed the first experimental techniques to probe these two aspects of cavitation. The loss of CO from metal carbonyls has proved to be a versatile dosimeter for these studies. A series of alkane solutions of various metal carbonyls were prepared in which the metal carbonyl vapor pressure was varied, while the total vapor pressure of the solvent system was kept constant. These solutions were irradiated with a collimated 1 cm? beam from a direct immersion titanium horn (Heat Systems W375 Sonicator, 20 kHz, 1 0 0 W/ cm2). By monitoring the rate of decomposition of the metal carbonyls. we see a linear increase i n the rate of metal carbonyl decomposition with increasing metal carbonyl vapor pressure. In addition, w e see a small non-zero rate occuring when the metal carbonyl vapor pressure is zero. This demonstrates that the primary sonochemical reaction occurs predominantly in the vapor phase but that there is also a second reaction zone present in the liquid phase, Physical acoustics is a valuable means of studying dynamic mechanical relaxation mechanisms in high polymers as a function of frequency and temperature. Such knowledge is desirable both from a fundamental point of view as to how specific relaxation processes depend upon the characteristic structure and behavior of molecules, and for engineering purposes in design applications. This is particularly true for specialized applications such as underwater acoustics, where the potential areas of use for polymers include acoustic windows, sonar domes, towed sonar arrays, linings for test tanks, and vibration isolation and control devices for ships. The combination of an often hostile service environment and constraints on the desired physical and acoustical properties poses a difficult problem in polymer physics and chemistry. This paper discusses the role of physical acoustics in elucidating the correspondence between the chemical composition of elastomeric materials and their physical and acoustical properties in terms of experimental studies involving variations in base polymers, cross-linking systems, and reinforcing fillers. The theory and operation of automated systems for the measurement of the dynamic Young's modulus and bulk longitudinal modulus of polymers are also described. For many years bulk acoustic wave components have played a role in signal processing, principally as delay lines and quartz crystal oscillators operating at modest (-MHz) frequencies and bandwidths. The scope of acoustic signal processing widened dramatically with the advent of the planar technology of SAW devices employing interdigital transducers, and led.to the development and exploitation of many new components. These include bandpass filters and oscillators operating at frequencies up to -1 GHz, and a range of large timebandwidth-product devices (TB > IOOO) including tapped delay lines, chirp waveform generators and matched filters, compressive receivers, and convolvers. Following the development of the laser in 1960, a parallel activity developed aimed at exploiting (among other things) the merits of optical signal processing, which include virtually unlimited bandwidth, and parallel processing with negligible crosstalk (the simplest examples of the latter aspects are the imaging and Fourier Transform properties of a lens). An early success of this activity was the processing of synthetic aperture radar (SAR) signals, and a more recent component that exploits both technologies is the acoustooptic spectrum analyser. The aim of this presentation will be to compare the achievements and remaining opportunities in each field, and to comment on the obstacles to further progress. We have previously reported on a SAW-FET filter which uses air-gap coupling of a LINbO, SAW delay line to a Si integrated circuit and thus implements a programmable tapped delay line. The device incorporates edgebonded transducers for wide bandwidth and short (15 ns) pedestal delay. We report here modifications to the Si circuit which both increase the programmable RF bandwidth to 100 MHz and provide means of increasing the programmable tap onioff ratio to 30 dB. This filter has 350 metal-oxidesilicon (MOS) analog sampling fingers spanning I .5 ps of delay. The varactor inherent in each sampling finger provides programmable tap weighting; a digital shift register controls programming FET's which connect each MOS varactor tap to a common programming voltage line. The 100-MHz bandwidth results from doubling the number of taps by the addition of a 2-to-] analog multiplexer to the FET array. To realize the increased tap onioff ratio, we have fabricated the logic circuits and FET array in a p-type well and the taps on an n-type substrate. Thus both positive and negative programming voltages can be used, resulting in larger tap-capacitance modulation. Also the higher mobility of n-type Si reduces parasitic resistances. Our detailed analytic RF model predicts that tap onioff ratios up to 30 dB result from these improvements and its predictions compare well with the experimental response of the SAW-FET devices. The application of 100-MHz-bandwidth convolvers to burst communications requires critically timed high-speed support circuitry. To process the 200-MHz-bandwidth convolver outputs it is essential to align the sampling circuits, which define the output-processing time-window, to within = 2 ns for burst synchronization and demodulation. Temperature-dependent delays within the convolvers, differing delays between convolvers, and gate delays within the support circuits necessitate the use of autocalibrating techniques. Three aspects are considered: 1) Accurate burst synchronization of the receiver pseudonoise code to the transmitted code allows proper placement of the output window and precise notation of the data packet arrival time. Calibration for synchronization measures and corrects for the acoustic delay of the convolvers so burst synchronization can correct for delay due to code misalignment. 2) In a multiple-transmission-path radio channel, communication at high data rates ( > 1 MHz) can be severely degraded by intersymbol interference. To overcome intersymbol interference in this system, the channel multipath profile is collected at 100 kbits/s in long convolvers, and then must be aligned to the output window of short convolvers for 1.5 Mbs communication. These different length convolvers have substantially different variations in output delay over temperature compared to the multipath processing resolution. Periodic calibration is required to align the record of the long convolver multipath output to the sampling of the short convolver output. 3) Processing the 200-MHz outputs pushes the limits of current digital technology. The circuit propagation delays become a large and temperaturevariable fraction of the sampling period of the analog outputs. The residual processing-circuit delays are added to the convolver delays, necessitating the inclusion of processing-circuit paths into the calibration process.
SAW SIGNAL PROCESSING I1
SAW-FET Programmable
The circuit to be reported requires less than 60 ps to calibrate all critically timed signal paths, enabling calibration to be performed at predetermined intervals more often than worst-case temperature fluctuations require. This paper describes a high time resolution polarimeter spectrometer. a new radioastronomical instrument facilitating the study of dynamic cosmic radio emission. The instrument is based on two SAW compressive receivers ( B = 30 MHz, T = 2.4 ps) operating from a common premultiplier chirp. In-phase and quadrature products (as well as intensity signals) are formed at the receiver outputs using wideband analog multipliers developed for the application. When the two spectrum analysers are fed with signals from antennas sensitive to opposite polarization modes (e.g. perpendicular dipoles), the system provides spectra for the four Stokes wave polarization parameters, allowing complete characterization of incident radiation. The usual problem with SAW analysers-the high output data rate-has been overcome with the development of a fast, economical, digital spectrum integrator. This allows the SAW IF processor to work in conjunction with a general purpose computer. The radiometric efficiency of the new system compares favourably with that of conventional spectrometers. New piezoelectric ceramics with large electromechanical anisotropy (planar coupling factor kp is much less than thickness dilatational coupling factor k,) have been developed for use as high-frequency ultrasonic transducer materials. These ceramics are especially useful for high-frequency (> 5 MHz) array transducers. In contrast to usual ceramics such as PZT, the width-tothickness ratio of a transducer element ( w / l ) can be larger than unity. Modified lead titanate ceramics (Pb,Sm)(Ti,Mn)03 have firstly been developed.
PIEZOELECTRIC/MATERIALS AND TRANSDUCERS I
These ceramics have a very low planar electromechanical coupling factor (0.03) with appropriate compositions when poled at a high dc field ( > 6 MV/ m). The electromechanical coupling factor ratio k,/k, can be greater than 15. High-frequency linear array and single element ultrasonic probes have been fabricated using these ceramics. Enhanced electromechanical anisotropy has also been found in ferroelectric PbZrO, ceramics modified by adding small amounts of Pb(Mnl,3Nb,,3)03 and PbTi03. These ceramics have extremely large electromechanical anisotropy (k,/kp < = 24) at the boundary composition between the anti-ferroelectric orthorhombic phase and the ferroelectric rhombohedral phase. Other piezoelectric ceramics with large k,/ kp are also reviewed. The knowledge of the resonance frequency dispersion diagrams of narrowstrip piezoelectric elements is essential to the optimized designing of multielement ultrasonic transducers as for instance the ones used in medical echography. It is known that the nature of the used piezoceramic (lead zircotitanate, modified lead titanate, lead metaniobate) has a strong influence on the shape of the resonance frequency dispersion curves. The aim of the present work is to analyse the influence of second order differentiations corresponding to both various material textures and various chemical substitutions.
Influence of Material Texture and Ionic Substitutions in
Some types of lead zircono-titanate piezoceramics and some types of modified lead titanate piezoceramics are considered with textures corresponding to natural hot-pressing or to under-load hot-pressing and with weak or strong simultaneous ionic substitutions. Process of PZT ceramic preparation based on coprecipitation (liquid phase) is presented. The influence analysis of material texture and ionic substitution turns on the comparison of the tensorial characteristics andlor the comparison between effective parameters derived from the resonance frequency dispersion diagrams. The material tensorial components are derived from classical experimental characterizations and the dispersion diagrams are obtained either by measurements or by finite-element-method simulations.
The effective parameters are used to design multielement ultrasonic transducers for medical echography (i.e. sequential and phased linear arrays of transducers). High resonant frequencies ( I O MHz) are particularly taken into account in these applications. Performances of realized linear arrays are compared and discussed relatively to the considered piezoceramic material analysis. Qm) of low Q materials such as polymer piezoelectric materials. Recently, polymer piezoelectric materials have been developed for use as ultrasonic probes. This is because the acoustic impedance of polymer piezoelectric materials is nearly equal to that of human bodies. In order to realize the required sensitivity and bandwidth of a probe, it is necessary to know the accurate values of kt and Qm of the material. However, in such low Q materials, kt and Qm can not be determined by the usual resonant-antiresonant method. This is because this method can only be applied to high Q materials, and by the application of this method to polymer piezoelectric materials, the value of kf becomes about twice larger than the correct value.
The fundamental concept of the new methods is to derive these constants by comparing certain physical values with measured and calculated values that are obtained by using Mason's equivalent circuit. More specifically, a twodimensional chart is computed using various values of kt and Qm and measured values are plotted to find the nearest values of kf and Qm.
These methods were applied to several piezoelectric materials. It has been found that more reasonable values than those from the conventional method can be obtained. Finally, a linear array ultrasonic probe was designed usmg these methods and satisfactory images were obtained. Measurements of PVDF polymer processed at Raytheon will be presented. Experimental equipment for measuring basic properties will be shown. The advantages and limitations of PVDF polymer for sonar will be discussed. Single-electrode, single-frequency continuous-wave transducers (radius 1.9 cm, frequency 1.7 or 1.75 MHz) were developed for producing desired circularly symmetric lateral intensity profiles at specified axial distances in water. The circ function was chosen as a model intensity profile having applications in therapeutic and diagnostic ultrasound as well as in ultrasonic bioeffects experimentation. Electrode shading parameterized by the FermiDirac distribution was calculated to produce circ-function-like profiles at certain axial distances. Experimentally. circularly symmetric shading functions were approximated by an asteroidal design so that within each sector and at a given radius r, the proportion of electroded arc length was given by the shaded velocity potential V(r). Such electrodes were fabricated on PZT-4 and PMN (lead metaniobate) transducers. Agreement between theory and experiment was obtained for PMN but not PZT-4, indicating that if low lateral cross talk transducers are used, the asteroidal approximation to V(r) is valid. A SAW gas flow rate sensor is realized using the principle of heat tranufer with the mass flow. YZ-cut LiNb03 is used as a substrate for the SAW delay line. In addition, a thin film heater is fabricated adjacent to the SAW delay line. The substrate of the SAW delay line is heated at a constant power with the heater. The flow of gas will carry heat with it. thus lowering the temperature of the substrate, resulting in a corresponding change in the frequency of the SAW delay line oscillator. The sensitivity of the SAW oscillator frequency to flow rate at various pressures and temperatures of the substrate is presented. We propose to examine sensitivities to SAW cantilever quartz beam submitted to an acceleration field. SAW sensitivity to forces is mainly due to the nonlinear properties of the medium which couple the high frequency wave with the external perturbation. By taking care to respective orders, propagation equations can be linearized. A perturbation method is then used to get directly the sensitivity.
Properties of PVDF
Ultrasonic Transducer Design for Uniform
SAW INTEGRATED SENSORS
SAW
First, strains, stress and displacement gradient distribution inside the substrate are calculated as a function of the sizes and the inertial mass which transforms acceleration effect into force sensitivities. Secondly, the perturbation relation enables to calculate sensitivities in the cases of the main axial direction and transverse directions.
Theoretical results are presented for singly and doubly rotated cuts of quartz having a first order temperature coefficient equal to zero. One shows the high sensitivity to the main bending force compare to the transverse bending force and the compressional force.
Compressional force sensitivity can be minimized by applying forces in an azimuthal direction. Moreover, transverse bending force sensitivity can be also compensated by moving the transducers along the transversal axis or by using a transverse guided mounting. Surface acoustic waves are an attractive technology on which to base sensors, because the wave velocity is affected appreciably by physical variables of technological interest. Ironically, the physical effects which designers of SAW signal processors try to eliminate are those that provide sensor sensitivity. Thanks to the intense development of SAW signal processors, robust SAW design and fabrication techniques are available to individuals working with sensors. An example of a device that exploits these is the recently introduced commercial passive lithium niobate SAW security system operating at 915 MHz.
A literature search reveals many suggested sensing applications for SAWS: acceleration, temperature, pressure, force, high voltage, mechanical positioning, rotation. optical scanning, vapor sensing, biological sensing, and so on. The use of peizoelectric thin films-sputtered zinc oxide-permits combining SAW devices with signal conditioning circuitry, and also enables one to apply the remarkable advances made in etching thin membranes to fabrication of novel ultrasonic structures. Thus, very sensitive ZnO-on-Si SAW resonators for vapor sensing have been made that provide relatively selective gas response. Also, the ability to etch membranes in ZnO-on-Si structures permits using for vapor sensing strong-coupling plate modes, some of which have velocities below 200 m/s.
In this paper, we will review a number of sensor applications based on surface acoustic wave principles and techniques. Thin zinc oxide films sputtered under conditions that produce good piezoelectric properties are found to have a room-temperature pyroelectric coefficient of I .4 X Cicm-K, a value comparable with that of bulk zinc oxide. This pyroelectric effect has been used in a 8 mm x 9 mm silicon multisensor chlp that contains an experimental infrared imaging array, a mass air-flow sensor, and a chemical heat-on-reaction sensor.
In the monolithic infrared imaging array, 70-micron square pyroelectric elements at room temperature connected to integral amplifiers have measured detectivities comparable to those of PZT and TGS pyroelectric detectors requiring hybrid interconnection. I n the heat-of-reaction sensor, temperature changes as small as 1.8 X K are detectable.
By using silicon dioxide to encapsulate the zinc oxide film, which is much thinner than a Debye length, we obtain a static decay time of up to 32 days despite the finite conductivity of the zinc oxide. Fabrication details and performance characteristics of all these devices will be described.
An Economical Touch Panel Using SAW Absorption, ROBERT ADLER and P. J . DESMARES, Zenith Electronics Corp., Glenview, IL, 60025.
Surface waves are readily absorbed when a soft object such as a fingertip touches the wave-propagating substrate. This familiar observation is put to use in a touch-sensing display panel to provide readouts of finger location and finger pressure.
A transducer in the left top corner of the rectangular panel emits a short burst of surface waves which travel horizontally along the top edge. Within the path of these waves there is an array of 45" partial reflectors, their spacing arranged to produce cumulative interference and their reflectivity gradually increasing from left to right, so that the power density of the reflected waves is the same everywhere. The reflected waves cross the panel vertically and are then re-directed toward a receiving transducer in the left bottom corner by means of a second array which is an upside-down mirror image of the first.
The signal picked up by the receiving transducer includes wave portions having widely differing transit times and thus has a long drawn-out rectangular envelope. Each point on the time axis corresponds to a specific vertical path across the panel. A finger touch results in an amplitude dip whose position and depth indicate horizontal coordinate and finger pressure.
Practical panels carry arrays for both coordinates. Frequencies up to 13
MHz have been used on glass plates; 4 MHz is employed on a 14" panel.
Because of the relatively low frequency, the reflective arrays can be produced by a very inexpensive process, making this a highly economical system. The received signal is analog, hence resolution is determined by the choice of the associated digital circuits. Signalhoise ratio is very high, so the center of the dip can be located quite precisely. 320 X 256 resolution, with 16 pressure steps, is used in demonstration models. A theoretical investigation is performed on the reflection of bulk acoustic waves in 90"-propagating Y-rotated cut quartz on the boundary with a vacuum. Piezoelectric properties are fully taken into account. It is seen that the incident wave is reflected as a shear hulk acoustic wave and an inhomogeneous electric surface wave. The latter is found to have a small (but not zero) particle displacement with amplitude which decreases exponentially away from the boundary surface and an associated surface potential which varies as a function of the angle of incidence. Experimental observations suggest that, in an actual device, for an incident finite-sized beam, this inhomogeneous electric surface wave carries some energy with it from the region of incidence. This wave which is a partial solution of the surface wave problem but cannot satisfy the boundary condition by itself then becomes a "leaky" inhomogeneous electric surface wave which reradiates energy back into another set of shear bulk acoustic wave. As a result, the totally reflected beam is smeared and becomes wider than the receiving transducer, hence causing an effective loss of the transmitted power in device applications. The energy loss is approximated using power flow balance equations. This paper presents a newly discovered tunable bulk acoustic wave reflection grating a neodymium pentaphosphate (NPP). The arrays consist of a uniformly periodic array of ferroelastic domain walls which extend through the bulk of a single crystal of NPP. The periodic arrays are generated by applying quasi-static shear stresses to a single crystal of NPP. The nucleation process of these arrays is described in terms of a newly discovered phenomena of ferroelastic bubbles. These walls are very uniformly periodic, stable in the absence of an applied stress, and show excellent optical diffraction patterns. Not only is it possible to create these highly periodic arrays, but it is also possible to tune their period via applying external shear forces. These arrays have been tuned from an initial period of 70 microns to less than 0.5 microns.
BULK WAVE DEVICES
These domain walls strongly reflect acoustic waves, with the single wall shear reflection coefficient being -13.7 dB. Experiments will be described which illustrate the use of these gratings as tunable bulk acoustic wave filters. Real time delay for instantaneous wide band width antenna beam steering places several unique requirements on delay line performance. Among these requirements are very low insertion loss coupled with high echo (triple transit) suppression. We describe the design of 3 GHz longitudinal mode delay lines with 400 MHz bandwidth. A linear series of these lines are fabricated on a tapered thickness substrate which provides increments of delay of 1 nanosecond on a nominal fixed delay of 50 nanoseconds. Typical insertion loss is IO to L2 dB with triple transit suppression greater than 30 dB. The need for time delay steering of phased array radar and communication antennas represents a new application for acoustic and magnetostatic wave technology. Electronically variable phase shifters have conventionally been used to steer phase array antennas. However, since the phase shift depends on frequency, the beam points in a different direction as the frequency is changed. Electronically variable time delay is required for wide instantaneous bandwidths. A review of recent developments in SAW and microwave acoustic and magnetic technology will be presented. SAW technology is appropriate for frequencies up to a gigahertz, and microwave acoustic and magnetic delay lines can operate at frequencies well over 10 GHz. SAW tapped delay lines have achieved time delay increments as small as 5 nsec. Continuous delay is achieved by cascading a tapped device with a voltage variable delay line on lithium niobate or gallium arsenide. Tapered microwave acoustic delay lines can achieve time delay increments of nanoseconds. The dispersion of magnetotatic delay lines is eliminated by cascading a backward volume wave device having negative dispersion with a magnetostatic surface wave device of positive dispersion. Electronically variable time delay of 50 nsec is achieved by tuning the magnetic bias field over a 50 oerstead range. The center frequency is 3 GHz and the bandwidth 250 MHz. Multiple transit and insertion loss requirements will be presented. Since typical phased arrays can have about IO00 elements, the cost of each time delay unit must be as low as possible for the antenna to be affordable. Aluminum nitride (AIN) film on sapphire has a potential advantage for fabrication of zero-temperature-coefficient SAW delay line. Using a normal pressure MO-CVD, epitaxial AlN films on R-plane sapphire have been grown at substrate temperature above 1000°C in our growth system. The MO-CVD process has several problems, that is, surface degradation due to vapor phase reaction, surface nonuniformity, defect formation due to thermal stress, poor reproducibility, and so on.
NOVEL SURFACE WAVES AND DEVICES
To overcome the problems, we investigated the growth of AlN films by a low pressure and a plasma-enhanced MO-CVD using trimethylaluminum (TMA) and NH, reactants. Single crystal AIN films have been grown on Rplane sapphire at substrate temperature below 850°C by the both methods. These films have been characterized temperature below 850°C by the both methods. These films have been characterized using reflection electron diffraction (RED), X-ray diffraction, Auger electron spectroscopy (AES), and scanning electron microscopy (SEM). It has been shown that the surface morphology and unifonnlty are much improved over a large area of substrate, as compared to those obtained by the normal pressure, MO-CVD. We have also found that the crystalline imperfection is strongly influenced by the contamination of impurities, especially oxygen. A new technique for the determination of the acoustic and electric field of an interdigital transducer in a multi-layered structure is presented. The method is outlined for materials of hexagonal symmetry (class C6v(6mm)), with the axis of six fold symmetry parallel to the electrodes. The method is a powerful tool in the analysis and design of a wide variety of SAW devices: and quantity in an arbitrary multi-layered piezoelectric structure and arbitrary transducer layout can be determined. For such a multi-layered structure, this method is the first one to deal computationally with it, in a very elegant way.
The problem is first reduced to a boundary problem for the potential and the current density in the plane of the interdigital transducer, and a spectral relation between their Fourier transforms. The surface wave solutions of the layered structure are found as the singularities of this spectral relation. This dual boundary problem is solved numerically by the least square iterative technique, employing the Fast Fourier Transform and the minimization of the integrated square error. Special measures have to be taken to handle the singularities of the spectral relation properly.
A comparison with known results of a transducer at a PZT-substrate. for which a different, numerical method has been employed, shows that the procedure is accurate enough to be used as a modelling technique to analyse more complex structures. As an example, numerical results are presented for a transducer in a ZnO-SiO2-Si configuration; it demonstrates the options and the speed of the convergence of the iteration method (less than five iteration steps are necessary). A theory of trapping and temperature compensating leaky surface waves with a shallow surface grating has been developed. It was shown in 1984 that a shallow grating could be used to temperature compensate surface transverse wave (STW) propagation normal to the x-axis on rotated Y-cut quartz. The theory presented here is analogous to the previously reported (STW) theory; but, unlike the STW theory, which was limited to horizontally polarized shear surface waves, the present theory has no limitation on the particle displacement and can be used to describe the effect of a surface grating on an arbitrarily polarized surface wave. In addition, this more general theory allows us to consider the temperature characteristics of trapped surface waves that are leaky in the absence of a grating. This is very important because orientations with leaky surface waves have yet to be considered for their surface wave temperature properties. For this study. leaky wave propagation along the x-axis on rotated Y-cut lithium niobate and lithium tantalate half spaces is considered. Because of the increased complexity due to arbitrary polarizations, an analytical solution cannot be found and computerized The attenuation of a 600 MHz surface acoustic wave propagation through a an applied magnetic field from 1 gauss to 4 gauss. Magnetoelastic coupling is responsible for this effect. Exploitation of the effect in terms of specific SAW devices is discussed and the operation of several devices is described. The first device is a surface wave filter in which the operating frequency may be tuned. The second is a surface wave dispersive delay line where the magnetoelastic effect controls the dispersion bandwidth. Estimates on the realizable frequency resolution and dynamic range of these devices can be made from the data obtained.
ECS-8001773.
This work was supported in part by a grant from The National Science Foundation no. A composite membrane (0.5 pm-thick SiOz, 2 pm-thick Cu, and 0.45 pmthick ZnO) with one pair of comb electrodes was fabricated on a Si wafer by using anisotropic etching from the backside. Two-port cw transmission characteristics was investigated. Both quasi-symmetric and quasiantisymmetric Lamb waves of zeroth order are generated. In the case of IDT's having 96 pm period, peaks of quasi-symmetric mode at around 47 MHz and of quasi-antisymmetric mode at around 2.2 MHz were observed. Insertion losses were about 40-50 dB. This device functions as a delay line oscillator, which oscillates at two different frequencies corresponding to the two modes by changing the time constant of a feedback amplifier.
IDT-Generated Ultrasonic
PIEZOELECTRIC MATERIALS AND TRANSDUCERS I1
Chairperson: R. TANCRELL, Raytheon Ultrasonic Probe Using Composite Piezoelectric Materials, C. NAKAYA, H. TAKEUCHI, and K. KATAKURA, Central Research Laboratory, Hitachi Ltd., Kokubunji, Tokyo 185, Japan; and A. SAKAMOTO, Hitachi Medical Co., Kashiwa, Chiba 277, Japan.
High-frequency (5 and 7.5 MHz) ultrasonic probes using a PZT/polymer 1-3 composite were developed and ultrasonic images were produced with them. Many kinds of 1-3 composites (e.g. an 8 X 8 cm flexible composite consisting of 0.2 X 0.2 mm 40 thousand PZT pillars embedded in polymer) can be made by "dicing and filling" technique: PZT plate on a substrate is diced into a large number of small pillars and the interpillar space is filled with polymer.
Piezoelectric and dielectric properties are determined for the composite as a function of PZT volume fraction, and of PZT pillar size and shape. The electromechanical coupling factor F?f is as high as 0.75 under optimum conditions. An ultrasonic probe using a 1-3 composite is apt to have a grating lobe to dicing direction. But the grating lobe can be suppressed with a fine pitch composite. Ultrasonic probes fabricated in consideration of them had about 3 wave lengths in -20 dB pulse width and its beam profiles were in good agreement with the theoretical one.
Good acoustic images were produced using a 5 MHz covex array and a 7.5 MHz 4mm0 concave single probe. The acoustic images were as Ultrasonic probes with arbitrary shapes can be fabricated using flexibility of composite. The 1-3 composite is useful for ultrasonic probes.
Acoustic Wave Propagation in One-Dimensional Periodic Composites, Y . WANG and B. A. AULD, Stanford University, Stanford, CA 94305.
Since piezoelectric composite materials have significant potential advantages in transducer applicatlons, it is important to fully understand their vibration characteristics. In previous papers a general Floquet theory was presented for two-dimensional infinite composites and one-dimensional plate composites. with experimental verification. This paper describes more detailed investigations of one-dimensional composites. including numerical evaluation of the Floquet matrix with varying degrees of truncation and an investigation of finite length composite plates. For PZT-epoxy composites it is found that 8 (space harmonic) terms provide an accuracy of several percent in the computed dispersion curve. The behavior of finite length plates is modeled by Floquet theory and diagnosed experimentally by laser probing an acoustic wave launched at one end. Experimental results are explained approximately by coupled mode theory (2 space harmonics) and are described more precisely by introducing additional space harmonics. Transducers for medical ultrasonic imaging have been made from composite piezoelectric materials. Their performance can be superior to conventional transducers (higher sensitivity and shorter pulse length) because composite piezoelectrics can have lower acoustic impedance and higher electromechanical coupling than the traditional piezoceramics. This paper describes how the electrochemical properties of PZT-rod composites vary with the volume fraction of ceramic. in the long-wavelength limit. We calculate the material parameters describing the thickness-mode oscillations of plates of PZT-rod composites in terms of the properties of the component phases. In these composite plates a polymer matrix holds thin rods of PZT parallel to each other and perpendicular to the faces of the plate. When the rods' diameter and spacing are much smaller than all relevant acoustic wavelengths, the thickness mode oscillations can be described by a set of "effective" materials parameters. Each effective parameter is an average of the contributions from the polymer and from the PZT rods, weighted by their volume fractions. The contributions from the ceramic phase are obtained by analyzing length oscillations in long PZT rods subject to the appropriate lateral stresses from the surrounding polymer phase. Our analysis reveals that a trade-off must be made between low acoustic impedance and high electromechanical coupling. As the volume fraction of piezoceramic increases from zero to one hundred percent, the composite's coupling increases from zero to a maximum, which is larger than the ceramic's k, yet smaller than its k3,, and then decreases to k,.
The acoustic impedance meanwhile increases monotonically from the polymer's impedance to that of a ceramic disc. A piezoelectric ceramic and a passive polymer can be combined into a composite material whose electromechanical coupling is higher and acoustic impedance is lower than those of the conventional piezoelectric ceramics. This combination of properties makes the composite materials suitable for the design of sensitive and high-resolution transducers for medical ultrasound imaging. The advantages of the composites over the conventional piezoceramics are particularly significant for array applications. We have found that, besides the good impulse response obtained with the composites, they do IEEE TRANSACTIONS ON ULTRASONICS. FERROELECTRICS, AND FREQUENCY CONTROL, VOL. UFFC-33. KO. 1. JANUARY 1986 101 not need to be cut into separate elements to reduce cross coupling between adjacent elements. In this paper we describe the design and performance of composite linear arrays operating at 4.5 MHz with a pitch of 1 mm. The arrays were formed on plates of 75 micron rod composites by scribing the metalization over one face of the plates: the other face remained uniformly metalized, acting as a ground electrode. The arrays were provided with a quarter wavelength matching layer and a light backing. Measurements of cross coupling, using electrical techniques and by measuring the acoustic radiation pattern from a single element, showed a high degree of acoustic isolation between neighboring elements. Characterization of the pulse-echo response indicated a good sensitivity (minimum insertion loss of -10 dB) and exceptionally short ringdown time ( -20 dB and -40 dB ringdown times of 0.70 and 1.25 microseconds, respectively). Image quality tests were performed using an Ecobloc test object. A composite array provided with a mechanical lens produced high quality images comparable to the state of the art piezoceramic arrays. The results of this study open new possibilities for the application of composites to innovative designs of ultrasonic transducer arrays.
Technical Requirements of New FDA Guidelines, G. H. MYERS, Medsys Inc.. Rutherford, NJ 07070.
The Food and Drug Administration (FDA) has recently issued new guidelines for test data for diagnostic ultrasound, which require detailed radiation measurements and calculations. These data must be supplied with the "510(k)" submission, the document requesting permission to sell a new device. Data required previously was usually submitted only after the approval of the 510(k) submission. The principal technical aspects of the new guidelines are 1) measured acoustic data will be required (calculations based on material properties cannot be used): 2) test methods are specified in many cases; 3) specified "reasonableness checks" must now be included: 4) all requirements relate to spatial-peak and temporal-peak intensities, instead of the spatial-average and temporal-average intensities previously emphasized; 5 ) in situ intensities at the focus of the transducer (if the transducer is focused) must be calculated, and these serve as the basis for determining whether the intensities are satisfactory; and 6) these intensities are to be compared with an FDA list. If the intensities are less than those on the list, the device is immediately acceptable; greater intensities require further FDA review.
From the viewpoint of those making the measurements, perhaps the greatest change is that, in general, pulse-echo techniques are no longer acceptable. Waveforms and beam profiles must be measured by means of hydrophones. However, for some highly-focused high-frequency transducers, where the size of the hydrophone would introduce significant error, the FDA has permitted pulse-echo profiles (but not waveforms). One must be careful to use hydrophones with sufficient bandwidth.
The new requirements should also spur research into the biological effects of peak intensities on tissue.
Automated System for Measuring the Constants of Low-Q Piezoelectric Materials, F. E. STANKE, Schlumberger-Doll Research, Old Quarry Road, Ridgefield, CT 068774108, We have implemented a new system for extracting the relevant constants of unloaded piezoelectric resonators from impedance measurements. This system utilizes the facility of computer controlled acquisition systems to obtain large quantities of data, and a least-squares fitting procedure to interpret the data in an optimal way. This method is especially valuable for low-Q piezoelectric materials which are not treated accurately by many standard measurement techniques. It also facilitates the collection of data from a large number of '.identical" disks. for studying their piece-to-piece variations, or for quality control in transducer production.
NDE I1
Chairperson: G. In aerospace applications, composite materials are generally used as load bearing structures. The NDE of load bearing composite structures, therefore, should provide information relating to mechanical properties so that proper structural analysis can be performed. Conventional ultrasonic inspection techniques are, at best, only sensitive to through-the-thickness elastic properties of planar or cylindrically shaped structures. This is true because such techniques generally produce a longitudinal wave which propagates through the composite material normal to its plane of the material. Since materials such as graphite composites are optimally designed for bearing inplane loads, NDE should ideally provide information about in-plane elastic properties. Direction is provided in this paper to aid in the development of ultrasonic NDE techniques which are sensitive to in-plane elastic properties for composite laminates. Considerations such as dispersion and impact damage are addressed. An automatic grading system for sorting fruit according to surface defects such as bruises has yet to be developed, because the feature change was too small to measure or the feature itself was too small to detect. Bruising o f a fruit causes both chemical and physical changes to occur. One physical change which occurs is the loss of tissue rigidity due to the rupturing of the cell walls. Undamaged tissue contains a high percentage (23 percent for apples) of air spaces resulting in a high acoustic impedance for the tissue: however, the rupturing of cell walls releases the cellular fluid into the air spaces causing a reduction in the acoustic impedance. The reflected signal from undamaged tissue consists mainly of a single reflection, whereas the waveform reflectcd from damaged tissue consists of two reflections, one from the outer surface and a second from the backside of the damaged area. The powcr spectrum o f the signals from the two tissue types can be used to distinguish between undamaged and damaged fruit tissue. In NDE the ability to alter the direction and shape of an ultrasonic search beam, electronically, has considerable advantages in complex test situations. This paper reports on the design of a new. low-cost instrument which uses a monolithic phased array as a search probe for the contact testing of steel at S MHz. A 68000 microprocessor controls the system, for hoth the firing of thc array elements and the subsequent processing of received data prior to its display on a L.C.D. graphics unit. A C.C.D. delay line is used in a novel manner to acquire the date'. and, by the application of a type of quadrature sampling, an effective sampling frequency of 50 MHz is achieved. The cntlre system is self contained and will be used in the study of the monolithic plate both as a receiver and a transmitter. Results w i l l illustrate the performance of the system in the test environment. An algorithm for clutter reduction is developed based o n the principle of split spectrum processing. In this technique the received echo is decomposed into several frequency windows and from the set of random variahles corresponding to each range delay of the different frequency windows a likelihood ratio test (LRT) is constructed. For simple cases the LRT becomes the estimated mean divided by the estimated standard deviation o f the random set. We evaluate the detection performance of this algorithm theoretically and demonstrate its effectiveness in clutter reduction experimentally. We also t a t empirically the resolution performance of the technique for point targcta and show that the resolution is not adversely effected significantly. Finally W C devise a thresholding criterion that helps in improving the rcsolution performance of the algorithm. A New Ultrasonic Imaging System, G. P. P. GUNARATHNE and J . SZILARD. Department of Electronic & Electrical Engineering, Loughborough University of Technology, LOUGHBOROUGH, Lcicestershire LEI I 3TU ENGLAND.
A new ultrasonic imaging instrument has been developed. It work5 in real time and produces high resolution B-scan type images with the whole field in focus at once.
This new development is based on Hanstead's Direct Ultrasonic Visualisation of Defects (DVVD) concept which has two special properties called linearity and isochronicity. The fundamental problem of DVVD i\ its low sensitivity and therefore has not been implemented in practice. Thih problem 102 IEEE TRANSACTIONS ON ULTRASONICS, FERROELECTRICS, AND FREQUENCY CONTROL, VOL. UFFC-33, NO. l , JANUARY 1986 of low .sensitivity is eliminated in the new system by introducing electronic amplification using transducer arrays while preserving it's ideal characteristics using a new sonoptical design. The first experimental model has a depth range of 0-40 cm in steel and takes only 0.15 ms to produce a visible image of the whole object field. with just one insonifying pulse. The frame rate can be increased up to I kHz or more. The other advantages are ease of operation, veq little operator dependence, compactness and low cost.
The work to be presented is a further development of first prototype published previously. When a semiconductor material is irradiated, the absorbed energy of light is partially converted to localized heat through nonradlative relaxation processes. Thermal radiation emitted from the heated spots can be detected with a sensitive IR detector. We have developed a photothermal-radiation (PTR) microscope as a nondestructive technique to observe defects in semiconductors. I Dislocations in GaAs crystals act as nonradiative defects and affect the performance of devices such as radiation efficiency of semiconductor laser diodes, threshold voltages of FET's, and so on. At present, there is no method of providing a simple and rapid means to measure nondestructively the dislocation density and map the dislocation distributions. To observe the dislocations in GaAs wafers, we have applied the PTR technique which has the advantages of being contactless, offering high frequency response in an evacuated chamber and also being applicable in an environment where there is mechanical vibrational noise To investigate the nonradiative states due to dislocations in GaAs, we first measured PTR spectra (PTR signal vs. excitation energy) In the wavelength ranging from 850 to 920 nm at room temperature. A tunable dye (HITC) laser excited by a krypton ion laser (red multiline) was used as an excitation light source. We found that the PTR spectra of GaAs wafers with higher etch pit density (EPD, > I X 10' cm-') have a peak at the excitation energy just lower than the bandgap energy. By measuring PTR spectra of GaAs wafers with various EPD (5 X IO' -I X IO5 cm-z), we confirmed that the PTR peak is caused by the dislocations in GaAs. The applications of the PTR technique to quantitative measurements of dislocation density and mapping of dislocation distributions in GaAs wafers will also be presented. We have demonstrated a new, optical. and noncontact method for ultrasonic absorption spectroscopy. A pulsed laser is used to produce a short duration photoacoustic pulse in a sample. and the acoustic pulse shapes can be monitored at different propagation distances by a focussed continuous probe beam. This pulse shape monitoring is possible since the deflection of the probe beam is simply related to the transient refractive-index gradient associated with the acoustic pulse. Fourier decompositions of these probe deflection signals provide the ultrasonic absorption spectrum. We show that this provides a novel technique for ultrasonic absorption spectroscopy in gases as well as in condensed matter, and results in different inorganic and organic materials will be presented. In addition. the arrival time of the photoacoustic pulse at the probe beam dependmg on its displacement from the excitation beam provides accurate values for the ultrasonic propagation speeds in the samples studied. Solid samples can be locally heated with focused laser beams via photothermal conversion. If the heating (pump) laser beam is modulated, then both thermal and acoustic waves are generated in the sample. For samples with strong optical absorption, such as metals, the heating occurs essentially at the surface. Scanning of the pump beam relative to the sample makes possible the investigation of the thermoelastic properties of subsurface structure. Detection of localized subsurface structure can be accomplished by measuring variations in the generation and scattering of thermal waves near the surface using photothermal-optical-beam deflection (PTOBD) or by measuring variations in the generation and scattering of acoustic waves using a piezoelectric transducer. PTOBD images are formed by measuring the deflection of a probe laser beam while the sample is scanned under computer control. Photoacoustic (PA) images are found by measuring the signal from a transducer attached to the sample while the sample is scanned under computer control. The definition and resolution of PTOBD images of subsurface structure is relatively well understood. ' The PA images and their relation to PTOBD images are the concerns of this investigation. Quantitative comparison of PA and PTOBD images in samples with fabricated subsurface structure will be presented. Relatlon of these results to the theory of PTOBD and PA imaging will be discussed. The potential of thermal wave photoacoustic microscopy to provide a noncontact approach to the detection of subsurface flaws and delaminations in a variety of materials is quite promising, and in recent years several techniques have been developed. Thermal waves may be generated in a medium via either ultrasonic wave absorption or direct laser irradiation. This paper will describe the application of infrared phase-sensitive photoacoustic microscopy to detect and characterize subsurface delaminations in thin elastic media, utilizing both ultrasonic and laser excitation. Depth-dependent two-dimensional thermal wave profiling in these materials will also be discussed. When high-intensity temporally-narrow laser pulses are absorbed at a metal surface, the rapid photothermal conversion can produce heating, deformation, phase transitions, plasma formation. and ablation. For sufficient amount of energy absorption, shock waves can be generated in the metal and in the gas near the metal surface. These laser-generated shock waves, called blast waves, can be studied using noncontact, broad bandwidth as well as piezoelectric-transducer detection. We have developed a fast-response opticalbeam-deflection probe with a rise time of a few nanoseconds to investigate the formation and propagation of blast waves. Blast waves have been generated by nitrogen-pumped-dye-laser pulses focused on the surfaces of several metals. A helium-neon probe laser beam was propagated through the blast wave region past a knife edge to a fast photomultiplier. The deflection of the probe beam as the shock front moves through it was recorded by a transient digitizer. By changing the position of the probe beam relation to the blast source, the time of arrival versus distance was measured, and the nonlinear blast-wave propacation characterized. Furthermore. by exposing a fresh surface sequentially to single laser pulses, and measuring the time of shock-front arrival, the temporal development of the metal surface damage has been measured. The energy input to the blast wave is related to the propagation of the shock front; characterization of the shock trajectory permits inference of that energy. The results of these experiments will be related to the theory of blast waves and possible applications in nondestructive evaluation. We compare theoretical calculations with experimental observations of mirage-effect detection signals from layered structures. Coatings and substrates with a wide range of thermal properties and thicknesses are considered. We measure and compute the full complex signal as a function of frequency, relative separation of probe and heating beams, height of the probe beam above the Fample surface, coating thickness, and the direction of the probe beam. We discuss the application of this technique for the measurement of coating thicknesses and diffusivities, as well as the diffusivity of the substrate. Also discussed is the possibility of utilizing the technique for imaging variations in the integrity of bonding of such coatings. A conventional diffraction grating can be configured to operate as an optical filter-bank by employing an array of detectors in its output focal plane. Starting from this principle, an arrangement of SAW interdigital transducers has been devised which will perform the same function in acoustics. This structure has been successfully tested on LiNbO, at a centre frequency of 100 MHz to provide a compact and efficient 32-channel filterbank with individual channel bandwidths of -1 MHz. By exploiting the two-dimensionality of the SAW substrate and the great design flexibility of the interdigital transducer numerous variations on this basic arrangement can be devised with many potential applications, e.g. in spectrum analysis and channelized receivers, in multiplexidemultiplex operations, and as a bank of matched filters.
PHOTOACOUSTIC SPECTROSCOPY
NOVEL SAW DEVICES AND APPLICATIONS
The Natural Single-Phase Unidirectional Transducer: A New Low-Loss SAW Transducer, P. V. WRIGHT, RF Monolithics Inc., 4441 Sigma Road, Dallas. TX 75244.
This paper describes a completely new approach for realizing a low-loss single-phase SAW transducer. The new approach exploits unconventional orientations. on conventional piezoelectric crystals with specific desired properties that lead to a "natural" unidirectional response. On these special crystal orientations the unidirectional response is the result of the crystalline asymmetry, rather than a result of an asymmetric transducer electrode configuration. This removes much of the burden on the electrode configuration. A significant advantage is that the simpler electrode configuration has less stringent photolithographic constraints, compared with previous singlephase transducer configurations. As a result these new natural single-phase transducers (NSPUDT's) can be fabricated at much higher frequencies. This new phenomonen is expected to be the basis for a whole new family of SAW devices.
The concept exploited for these new single-phase transducers, and the identification of the desired crystal orientations, result from an improved theoretical modelling and understanding SAW transduction and reflection processes. A completely new coupling-of-modes (COM) analysis for SAW transducers and gratings has been developed. This new COM analysis includes substrate propagation loss, linger resistance modelled on an electrode-by-electrode basis, and transduction and reflection phase variables overlooked in current transducer models. The latter are the key to the NSPUDT. The new COM analysis challenges some common misconceptions regarding SAW devices. Experimental results are presented which verify the new theory and contradict generally accepted ideas regarding the behavior of SAW devices. For example, on these newly identified crystal orientations, even a simple single-level two electrodeiwavelength transducer can exhibit unidirectional behavior. The new theory and principal consequences for SAW device design are examined. SAW devices are currently used in high volume in both television receivers and video tape recorders. In the USA alone, these two applications accounted for 34 million SAW devices in 1984. The world-wide total was more than twice that number. While future growth is expected in both these applications, new applications are emerging which have the potential for similar or even larger volumes. This paper will review SAW applications which currently have intermediate volume but have high growth potential such as cable television equipment, ltral area network modems. satellite television receivers, and others. Also, new SAW applications which have large future potential will be discussed such as cellular telephone, cordless telephone, commercial spread-spectrum systems. and others.
In each case, discussions will be given of the functions performed by the SAW devices, competitive technology if any, and technology development challenges for the SAW community.
UHF-Range Single-phase Unidirectional Transducers Using New Fahrication Techniques, K. YAMANOUCHI, T. CHEN, and T. MEGUKO. Research Institute of Electrical Communication, Tohoku University. Sendai. Japan 980.
We describe and demonstrate UHF range of single-phase unidirectional transducer (SPUDT) for low-loss SAW devices using new fabrication techniques. We proposed the new SPUDT utilizing the difference between the excitation and reflection positions caused by the change of the electromechanical coupling coefficient within a half or one wavelength (EMUDT). In this case. two photo-masks and mask-alignment were needed for the fabrication of EMUDT. Now, we developed the new fabrication techniques, which use only one photo-mask and no mask-alignment for the interdigital fingers of EMUDT. Also, the electrode widths are about This paper describes the modeling of finite, aperiodic SAW transducers of arbitrary polarity sequence and phasing in the presence of reflections caused by field shorting and mass loading. Electrostatic interactions are described by a charge-potential interrelation (CPI) matrix, and the coupling to surface waves by a mixed node-scattering (MNS) formalism which completely accounts for electroacoustic interactions within the transducer. Starting with the solution of the electrostatic problem. we compute the acoustically induced charge distribution, the excited SAW, and the reflection coefficient, input conductance and susceptance of the IDT. The susceptance is obtained directly without the need of a Hilbert transform.
By exploiting special properties of the CPI and MNS matrices, we present an algorithm whose computer time and memory requirements increase only linearly with the finger count of the IDT. Our model is especially suited for development-oriented SAW design.
As an example. the Hanma-Hunsinger single-phase unidirectional transducer (SPUDT) configuration is analyzed and its triple-transit suppression performance evaluated. This SPUDT is of particular interest because it requires no extra metallization step. Typical array elements for ultrasonic visualization systems have resonance frequencies and geometrical dimenSions (widthithickness) such that their resonant behavior and two-dimensional displacement field patterns can be exactly described by solving the Rayleigh-Lamb equations. In this w o r k , the Rayleigh-Lamb approach is extended to a multi-element structure and the dispersion characteristics together with the displacement distributions are computed. The effects due to different materials used as separating layers between the neighboring piezoelectric elements is also taken into account. By computing the mechanical displacements and the electric field configuration when one or more piezoelectric elements are excited, a good understanding of the mechanical and electrical coupling between the elements is obtained. Results are presented for typical array configurations and compared with previously reported computations. The linear systems approach has been successful in demonstrating two dimensional wave propagation in small element piezoelectric transducers. '
In
When extended in the form of a multi-dimensional acoustic lattice, a powerful simulation and modelling tool is available for the study of matching. backing and acoustic cross coupling effects in ultrasonic phased arrays. This paper will present simulation results based on a two dimensional lattice model of the piezoelectric radiator. In particular the following aspects will be emphasized: i) the influence of electrical and mechanical loading (including layers) on thickness and lateral (width) mode propagation; ii) the influence of mechanical inter-element coupling in monolithic arrays; and iii) effects of inter-element coupling on radiation beam patterns. A selection of experimental results will be presented. An equivalent circuit is derived for the tall thin bar based on the piezoelectric constitutive relations. The model has two sections. a z-direction (thickness) and an x-direction (lateral). The z-direction section resembles the equivalent circuit for a thickness model transducer while the x-direction section resembles the circuit for a side electroded length expander. The two sections are coupled through capacitors which model mechanical compliance. The model consists of two transmission lines, two transformers and 5 capacitors.
The principal advantages of the equivalent circuit approach are: 1) The ability to apply circuit theory to the analysis and design of linear array elements; 2) The ability to fully simulate the tall thin bar using circuit analysis programs. This includes simulation of quarter wave layers, electronic drivers, backing impedances, electrical matching networks and lateral loading. Cross coupling through the lateral mode can be simulated by using multiple models.
The equivalent circuit was simulated on SPICE, a popular circuit slmulation program. Theoretical time and frequency responses were generated for an experimental element and compared with laboratory observations. For medical ultrasonic imaging and nondestructive testing the damping of pressure waves and the resulting shift in wave velocity due to attenuation and dispersion of the sound transmitting media are investigated. An algorithm is found for the numerical evaluation of pressure field distributions in attenuating media generated by ultrasonic transducers. These transducers have plane or gently curved geometry and are embedded in rigid or soft baffles. The results show that for a simulation of wave propagation neither damping nor dispersion of the transmission media can be neglected. They significantly alter the sound field in larger distances from the radiator. For exciting ultrasound pulses, as used in medical equipment, the spectral components are found to shift towards lower frequencies with increasing depth in the medium. This results in a characteristic change of pulse shape combined with a broadening of bedm patterns. Practically, this smearing leads to a significant loss of resolution in actual ultrasound images taken, for example, from human tissue. The above algorithm can be utilized for a better design of ultrasound transducers, especially array antennas. The method. based on a fast convergent serial decomposition over a set of orthogonal functions (Bessel or Dini) includes propagation through either a lossless or absorbing medium.
Modal Analysis of Transient Diffraction in Absorbing Media
In the frame of this modal analysis. each mode has its amplitude multiplied by a low pass spatial filter thus enhancing the low spatial frequency components. The method shows how the diffraction pattern gets smoother as time increases and provides an one to one relationship between the source and the diffracted modes.
The model can be extended to slightly curved sources without loss of generality therefore allowing computation of transient focused diffracted fields in an absorbing medium. Due to its fast convergence, the method requires few terms to correctly evaluate the field in all cases. Computer simulations are given and the defocusing effect, in an attenuating medium is discussed. In addition the comparison between electronical and mechanical focusing is illustrated. It is advantageous to have several sharply converging acoustic beams with a common focus in an acoustic microscope. Conventional relations based on ray geometry and/or transforms appear to be not adequate for beam/transducer/ lens design and sometimes are misleading. We have made calculations and confirming measurements to provide guidelines for transducer and lens configurations in a multi-beam oblique and (optionally) nonlinear microscope.
ACOUSTIC MICROSCOPY I1
Our instrument provides object scanning with several oblique perspectives. It has advantages which are described in a companion paper. The requirement of a plurality of intersecting confocal acoustic beams, and the desirability of simple alignment has led to a study which seeks to optimise beam interaction. The results are relevant to acoustic microscopy generally.
The geometry of our focusing system is shown in the accompanying sketch. Up to five transducers on a comnlon spherically curved substrate launch beams which are focused by a common spherical immersion lens. Conventional ray geometry would lead one to believe that the beams intersect in coincidence at the axis crossing and focus. Simple diffraction calculations based on well known published relationships would predict Jinc function amplitude and phase somewhat different from the focus deduced from ray geometry. Neither (paraxial) ray geometry nor diffraction calculations adequately account for the wide angles of convergence nor the compound focii of the doubly focusing convex transducer-concave lens combination.
To understand Rayleigh wave interaction and acoustic scattering it is important to account for the field strength, relative phase and field direction through each beam as it intersects the object. The three factors are related by the divergence throrem, and although there is only one kind of wave in a fluid medium, the field is complex none-the-less. We have resorted to computations based on Huygens, Kirchoff and Fresnel principles to determine the characteristics of our lens system. We find unexpected lateral components of propagation at the focii. We provide guidelines for optimising the lenstransducer geometry, and show advantages for larger and for annular transducers in scanning acoustic microscopy. The Effects of Surface Roughness on Subsurface Defect Detection Using Acoustic Microscopy, P. REINHOLDTSEN. C-H. CHOU, and B.
T. KHURI-YAKUB, Ginzton Laboratory, W. W.
Hansen Laboratories of Physics, Stanford University, Stanford, CA 94305.
An acoustic microscope operating at frequencies of 3 and 10 MHz has been built for the purpose of detecting subsurface defects in structural materials. Samples of fused quartz were examined with vertically-and horizontallyoriented seeded subsurface defects. The defects ranged in size from 0.2 mm to 1.0 mm in diameter at depths of up to I .0 mm below the surface. By defocusing the transducer, it was possible to enhance detection of subsurface defects and to estimate the depth below the surface of the defects. Initially, the surfaces of the samples were polished smooth. The surfaces were then roughened in order to determine the effect of surface roughness o n defect detection. The height of the roughening ranged from 2-10 pm, This is comparable in size to that produced by a wide range of processes and machining techniques such as drilling, boring, forging, and sawing. We found that for surface roughness of this size, the ability to detect subsurface defects was not significantly degraded. We hope to look at even greater roughness, which corresponds to processes such as sand casting, hot rolling, and flame cutting. We will also look at metal samples such as aluminum. A major obstacle to effective sub-surface imaging stems from the inevitable surface echo. Even if the bandwidth of the system is sufficiently large to permit the elimination of the surface echo by time gating, there remains a large penalty in the available dynamic range. If the surface echo cannot be eliminated, one suffers, in addition, a drastic loss of contrast. The problem is particularly acute in attempting to image low contrast objects, such as homodiffusion bonds.
The surface echo can be drastically reduced by quarter-wavelength matching to the coupling medium; for example by applying a suitable coating to the object. This, however, is rarely a tolerable and certainly not a convenient technique. We have approached the problem in a somewhat different manner, by the use of a stretched plastic film, located half a wavelength above the object. The stretched film is attached to the lens housing, and is maintained at a constant distance from the object. Several techniques for maintaining the required spacing-perhaps the key practical problem with this technique-will be discussed. Theoretical results, giving the performance over a range of angles and frequencies, will be presented. Finally we will show experimental results, taken at 40 MHz, which show the hoped for marked increase in both sensitivity and contrast.
Planar-Structure Focusing Lens
for the Acoustic Microscope, K. YAMADA and H. SHIMIZU, Department of Electrical Communications, Faculty of Engineering, Tohoku University, Sendai 980. Japan.
In most of the scanning acoustic microscope (SAM), an acoustic lens with a spherical concave is used for focusing the sound beam on a small portion of an object to be imaged. Since the acoustic microscope operates in a very high frequency range such as VHF and UHF, the tiny spherical lens requires to be fabricated with very high accuracy by a skillful technician. Therefore, it is desirable that the spherical lens in the acoustic microscope could be replaced by an alternative one, of which the fabrication is much easier. This paper presents a new planar-structure acoustic lens for the acoustic microscope. On the radiating surface of the lens are formed a number of concentric annular grooves of uniform depth. whose width and diameter are designed according to the theory of Fresnel zone plate. This planar lens can easily be fabricated using the conventional photolithographic technique because of its simple configuration with no spherical surface. The lens design and the principle of operation are described, along with the results of experimental and theoretical examinations on the focusing capability of a fabricated lens operating at 100 MHz.
Gas Medium Acoustic Microscopy at 160 MHz, F. FARIDIAN, Department of Electronic & Electrical Engineering, University College London, Torrlngton Place, London WClE 7JE, England.
The advantages of using gases as the coupling medium in an acoustic microscope have been previously studied'.*. A resolution of 7 pm was demonstrated at 40 MHz.
In this paper we present an improved version of the microscope with a greatly enhanced performance. A gas medium scanning acoustic microscope, capable of 1.5 pm resolution is described. Using Argon pressurised to 60 atmospheres, the microscope operates at 160 MHz with a resolution comparable to water-coupled acoustic microscopes operating at around BOO MHz.
A key problem in high frequency gas acoustic microscopy is the design of the lens. A theoretical model used to optimise the design of the lens in both isotropic and anisotropic media is presented. The mechanical and electronic configuration of the system are also described.
Micrographs of various test objects, including integrated circuits are presented to demonstrate the resolution of the instrument. The nature of contrast mechanisms are discussed. Finally the prospect for achieving suboptical resolutions are assessed. The characteristics of Lamb Waves are uniquely suited to the nondestructive investigation of self-supporting membranes and plates. A large number of Lamb modes, each with its characteristic velocity and dispersion, may be in principle excited in thin plates. It is the lowest mode i n the symmetrical and antisymmetrical groups into which Lamb modes are divided by their mode shapes that can be used to characterize plate elastic properties, determine plate thickness, and possibly detect materials defects.
The excitation of Lamb waves is easily and simply accomplished in the acoustic microscope. In this paper, the observation and velocity measurement of Lamb waves in a variety of thin plates will be described. Velocity measurement is obtained through the use of the Acoustic Material Signature technique (AMS). Velocity measurements of symmetrical Lamb waves in a Cu sheet and of the antisymmetrical Lamb wave in a thin Si membrane will be reported. Several applications of this capability will be described. A particular use of nondestructive diagnostics with Lamb Waves, using the wide frequency range capability of the Acoustic Microscope, applies to the investigation of material elastic properties. The excitation of Lamb waves of both symmetry groups in sheets of metallic glass will serve this purpose. From the measurement of velocity dispersion in both modes, the sheet thickness and computed Lamb wave dispersion curves, it should be possible to derive the elastic material properties.
Lawrence Livermore National Laboratory under contract W-7405-ENG48. This paper presents an overview of acoustooptic devices for signal processing. These devices consist of one or more ultrasonic delay lines which have optical readout capability for simultaneous noninvasive access to the entire acoustic field. The A 0 devices can be considered as integrated arrays of delay elements and mixers which modulate ultrasonic field information onto the optical field. The optical signal fields can be manipulated and combined with great speed using optical techniques such as imaging, fourier transformation. interferometry, and spatial filtering. These can be combined to produce effective signal processing subsystems such as signal spectrum analyzers and correlators. Important performance characteristics include bandwidth, delay, mixer efficiency, amplitude and phase response. dynamic range intermodulation distortion and dynamic range. These characteristics are limited by the propagation characteristics of acoustic and optical fields as well as the acoustooptic interaction. Performance characteristics have been enhanced using designs including effects such as anisotropic propagation and birefringent interaction and ultrasonic beam steering. Optical filtering techniques have further improved on intrinsic device properties. The acoustooptic devices can be classified in several ways; for example. bulk acoustic wave vs surface acoustic wave, bulk vs guided optical waves, skew vs axial optical illumination. Some comparative advantages and applications of different device types will be discussed. This paper presents theoretical and experimental results of wideband (1-2 GHz bandwidth) acousto-optic Bragg cells development. Optimized design utilizing combination of birefringent phase matching and planar phased array techniques will be described. Experimentally, diffraction efficiencies greater than 30 percent per RF watt were obtained at the laser diode wavelength of 0.83 pm. Measured results of two tone intermodulation products are lower than theoretical prediction. ' Theoretical analysis of multifrequency acoustooptic interaction for finite interaction geometry will be presented. An architecture is presented which performs extremely wideband acoustooptic (AO) spectrum analysis using residue number theory based rf preprocessing and smart, rapid postprocessing circuitry. For k channels, each with n, resolution elements where the n,'s are relatively prime, the total number of possible resolution elements is given by rink. The total rf bandwidth is folded into m, bands, each n k elements wide, and outputs of the m, channels from the spectrum analyzer are compared to determine the frequency and intensity of signals within the system aperture. Current hardware performs A 0 spectrum analysis over a 60-MHz bandwidth with 25-KHz resolution using two 30-MHz-bandwidth Bragg cells, each cell having a 45-MHz center frequency. Modifications to this hardware for appropriate rf preprocessing and the addition of different postprocessing hardware and software extends the bandwidth to a practical limit of approximately 300 MHz, maintaining the 25-KHz system resolution. Other systems are proposed for wider bandwidths, and the potential performance parameters for these systems are examined. The performance depends primarily on the choice of moduli nk, number of moduli m k , and the technique by which the band folding is implemented. Algorithm and device limitations are probed for maximum bandwidth and resolution performance in minimum processing time. Postprocessing circuitry and microprocessor-based algorithms are explored which provide for low probability of reporting error. channel-planar composite waveguide and realization of a compact integrated A 0 Bragg modulator that incorporates a channel-waveguide array, a planar waveguide, a microlens array, a SAW transducer, and an integrating lens in a substrate size of 0.2 X 0.1 X 2.0 cm. The composite waveguide consists of an array of single-mode channel waveguides and a single-mode planar waveguide. The extension of the channel-waveguide array directly into the planar waveguide is of particular interest because A 0 Bragg diffraction and the subsequent collimation and focusing can take place readily in the planar waveguide. The microlens array (each with 0.12 mm aperture and 0.6 mm focal length) was used to collimate the multiple light beams from the channel-waveguide array before incidence upon the SAW for Bragg diffraction. Efficient and wideband Bragg diffraction was obtained using the SAW centering at 500 MHz and the optical wavelength at 6328 and 7960 A . Specifically, a bandwidth of greater than 90 MHz and a 75 percent diffraction at an RF Drive power of 470 milliwatt were measured. The encouraging results obtained thus far suggest that a compact integrated A 0 Bragg modulator module can be realized to perform a variety of optical signal processing, computing, and communication functions. The detailed results obtained thus far, together with that of ongoing experiments on applications in optical information processing will be reported.
An Integrated Acoustooptic Bragg
Intermodulation Products in Acoustooptic Signal Processing Systems, G. ELSTON, Crystal Technology, Inc., Palo Alto, CA 94303. Two-tone third order intermodulation products are of importance in acoustooptic signal processing systems because they can potentially cause false signals to be detected and result in lowering the effective dynamic range of the system. The numerous sources of intermodulation products are reviewed and their importance is discussed in reference to several commonly used acoustooptic devices. Nonlinear acoustic intermods are examined in depth and methods for calculating their magnitudes in both high and low acoustic attenuation regimes are described. A general method for estimating the acoustic intermodulation products for any longitudinal acoustic mode is given. Intermod equations for two commonly used shear wave orientations are also described. Finally. methods for minimizing the effects of intermodulation products in acoustooptic systems are examined. Although sophisticated theoretical models for SAW filters have been developed specifications now call for an even better understanding of second order effects than these models provide. In particular, the precise modelling of the wavefronts in the surface plane is important and "free diffraction" has generally been assumed in earlier work. However these models, which ignore the effect of the transducer metallization pattern on the wavefronts, are not valid for strongly piezoelectric materials such as lithium niobate. Moreover the relationship between the wavefronts and the individual transducer admittance has not been considered. With the growing importance of low-loss filters accurate predictions of all terms of the admittance matrix of the filter are required. In this paper a new theoretical model for the admittance matrix, based on an expansion of the solution in the orthogonal modes of the structure. The slanted chirped transducer (SCT) has been shown to focus a SAW to a frequency dependent point upon the substrate surface, I and forms the basis of a spectrum analyser.* Although a number of experimental and numerical results have been obtained for the behavior of the focusing SCT, only very simple analytical theories have been developed to explain the focusing behavior.
LC FILTERS AND MODELING OF SAW FILTERS
In this paper an analytical model of the focusing action of a straight linearly chirped array of isotropic radiators upon an isotropic surface is presented. The focus is shown to be well defined only when the length of such an array is limited, or when the radiators are made directional. This later restriction applies to the case of the SCT upon an isotropic substrate, and good agreement will be shown with the numerical predictions made for such SCT's.
The effect of the anisotropy of the substrate (Y-cut LiNb03) upon the isotropic focusing action can then be seen by introducing the anisotropy slowly into the numerical predictions. This method allows the formation of the "tail" reported previously to be observed and explained in terms of the substrate anisotropy. The L/C filter has been rejuvenated in the last decade by breakthroughs in element realization, packaging, and CAD. This paper presents the results of work performed at the approximately half dozen companies which led the rejuvenation. Regression curves with raw data from the above sources are presented in terms of frequency vs. insertion loss for several percentage 3 dB bandwidths; physical size vs. frequency; selectivity vs. bandwidth, insertion, loss, and physical size; ultimate rejection vs. frequency; etc. In addition, schematics and actual realizations are presented with photo enlargements of the L/C filters. Discrete and hybrid monolithic realizations are included. Additional discussion centers on current CAD and prototype realization techniques and time for designs that do and do not require artwork. Finally, computer aided manufacturing (CAM) and its effect on the miniature LIC filter quantity vs. pricing curve for both microwave and IF devices as well as projection of LIC filter capability extensions in the near (less than five years) future are discussed. The increasing competition in the surface acoustic wave (SAW) Field and the continuing drive to reduce component costs has highlighted the need to reduce the chip size of SAW devices. Reducing the acoustic beamwidth of a SAW transducer to a few wavelengths (less than 15 A) introduces waveguiding effects, which, if anticipated, can be compensated for. Proper compensation requires a good theoretical characterization of the waveguide. This paper presents a theoretical analysis of waveguiding effects, taking into effect the lower velocity bus-bar regions on either side of the interdigitated transduction region.
There are essentially two problems associated with the waveguiding effects. The first, and most difficult to compensate for is the fact that the high-order modes have higher velocities and tend to "smear-out'' the filter's passband to higher frequencies, degrading the rejection on the high frequency side of the passband. To compensate for this, the transducer must be designed to reject these higher-order modes and preferentially launch the lowest-order mode. This paper will present experimental results concerning a transducer structure that accomplishes this.
The second result of waveguiding, in a narrow beamwidth transducer, is that the wave profile from a uniform transducer is no longer adequately modeled as having uniform amplitude. This is particularly true with bus bars close to the active beamwidth, since the acoustic velocity under the bus bar is typically lower than in the transducer region. This transverse profile will alter the effective tap weights of an apodized transducer driven by a uniform transducer. This effect can be compensated for by precompensating the tap weights to account for the transverse profile. Theoretical and experimental results for two filters designed with and without these compensation schemes are presented.
SAW Diffraction Analysis and Correction
by Waveguide Approximation, Y. YAMAMOTO and M. MORIMOTO, Transmission Division NEC Corporation, Kawasaki 2 1 1, Japan.
A new method for analysis of SAW diffraction in narrow-band SAW transversal filters has been developed. Using the scalar potential theory, this method uses an approximation that narrow-band SAW filters are considered to be grating waveguides, and enables us to analyze SAW diffraction very fast using the equivalent circuit model which includes most of the second order effects.
In this paper the conception and the analysis procedure of this method are presented. Some numerical and experimental results for uncorrected and corrected filters on quartz are also shown. Compared with Savage and Mattaei's method, this method has the features of simple and fast computation and high accuracy by using the equivalent circuit model. It is expected that this method will be applied to diffraction compensation of narrow-band SAW filters. Substantial difficulties attend any determination of the time-dependent spatial distributions of temperature in human or animal tissues that are subjected to hyperthermia. Tissue cooling mechanisms affect the temperature distributions resulting from the spatial and temporal distributions of energy deposition in the tissues. A first step is determination of the spatial distribution of energy deposition produced by any given ultrasound applicator in a given type of tissue. We report such determinations in a tissue-equivalent skeletal muscle phantom for Stanford University's deep heating isospherical ultrasound device comprising six 350 kHz transducers and for SU's surface heating ultrasound applicator containing one 1 MHz transducer.
HYPERTHERMIA I: TEMPERATURE AND PROPERTY MEASUREMENTS
Cancer Institute, DHHS. Knowledge of tissue thermal transport properties is imperative for any therapeutic medical tool which employs the localized application of heat to perfused biological tissue. Several techniques can be used to measure local tissue thermal diffusion by heating with a focused ultrasound field. Transient as well as near steady-state heat inputs will be discussed and examined for their suitability for measuring either tissue thermal diffusivity or perfusion rate. It will be shown that steady-state methods are better suited for the measurement of perfusion; however, the uncertainty in the perfusion measurement is directly related to knowledge of the intrinsic thermal diffusivity of the tissue.
Results will be presented for an ultrasonic transient thermal pulse technique for the measurement of the thermal diffusivity of perfused and non-perfused tissues, in vitro and in vivo. Measurements conducted in Plexiglas, animal muscle, kidney and brain concur with tabulated values and show a scatter from 5-15 percent from the mean; measurements made in perfused muscle and brain compare well with the non-perfused values. An estimate of the error introduced by the effect of perfusion shows that except for highly perfused kidney tissue the effect of perfusion is less than the experimental scatter. This validation of the tissue heat transfer model will allow its eventual extension to the simultaneous measurement of local tissue thermal diffusivity and perfusion. In previous work,' it has been demonstrated that, with the assistance of digital signal averaging. thermoacoustic emissions can be detected which are induced by pulses of microwave or other deeply penetrating radiation at low, safe power levels in soft-tissue-simulating materials. A significant advance is reported in our efforts to infer the source distribution of energy absorption from the heating radiation. This is accomplished with improved transient response by the transducer and amplifier. as well as digital signal processing. These results bring us closer to our aim of employing such thermoacoustic emission for soft-tissue imaging-for example, to exhibit contrast between tissues with high water content vs. high lipid content. This work was supported by NSF grant no. ECE-8216755.
' R. L. Nasoni, G. A. Evanoff, Jr., P. G. Halveraon, and T. Bowen, Proc. IEEE 1984 Ulrrason. Symp., 1984, vol. 2, p. 633. Wireless Temperature Sensing System Using Quartz Sensor for Hyperthermia, K. HIRAMA and T. OHSHIMA, Crystal Division, Toyo Communication Equipment Co., Ltd. Samukawa-machi, Koza-gun, Kanagawa-pref., Japan; and Y. TOMIKAWA, Factory of Engineering, Yamagata University, Yonozawa-city, Yamagata-pref., JAPAN.
This semi-invasive temperature sensing system has sensor unit, prove and main frame. The sensor unit is implantable over several weeks because of batteryless operation and small size (2.5 mm X 20 mm). It comprises coil to receive the input signal from the probe, temperature sensitive quartz resonator to feed through the signal corresponding to the ambient temperature and ultrasonic transducer to transmit the output signal to the probe.
In order to detect the resonant frequency of quartz resonator, stationary point lock loop was developed. Experiments in water and phantom showed the sensitivity of 50 mm and the resolution of +0.01 C.
An Acoustic Phase Shift Technique for the Noninvasive Measurement of Temperature Changes in Tissues, B. DAVIS and P. P. LELE, Hyperthermia
Center, M.I.T., Cambridge, MA 02139.
A 3 MHz sine wave tone burst is split into a reference signal and a test signal which are transmitted between two matched peizoelectric transducer/ receivers. The test signal is sent through a medium with a known temperature coefficient of velocity. The reference signal is passed through a second medium which is kept at constant temperature. The test medium and reference medium are initially at the same temperature. with the phase of the two received signals being set in phase by adjusting the path length of the reference signal. The temperature of the test medium is then varied with the temperature being calculated from the recorded phase shift between the two signals. Experiments were conducted in muscle tissue in vitro. Initial in vivo studies in normal tissues and transplanted tumors confirm the results obtained in vitro. These results and the limits of this technique with regard to the known temperature coefficient of velocity, distance between the transducers, and system capabilities are evaluated and discussed.
An application of this technique is to measure the temperature rise during hyperthermia induced by scanned focused ultrasound (SFU). Since the temperature distribution during therapy using SFU is a step function, it is shown that this technique may be used to measure temperature changes to within 1 .O"C non-invasively.
This work was supported in pan hy USPHS Grant CA 31303 and Georgiana and Frank Massa Jr. Memorial Fund.
Nonlinear Absorption During Scanned Focused Ultrasound Hyperthermia, K.
HYNYNEN and R. B. ROEMER, Radiation Oncology and AerospaceiEngineering Dept., Univ. Arizona Health Science Centre, Tucson, AZ 85724.
Our ultrasound hyperthermia unit has four focussed ultrasonic transducers, which can be moved under computer control. This system has been used to investigate the effect of nonlinear absorption during ultrasound hyperthermia. In the study 56 thermocouple sensors were implanted In dogs' thighs. The absorbed power density and the temperature distributions were measured during hyperthermia with single and overlapping fields. The effect of nonlinear absorption was demonstrated both during stationary and scanned filed heating once high peak powers with low duty cycle were compared with continuous wave sonication of the same average power. The enhancement of the temperature elevation at the focal region was significant and may be useful during hyperthermia treatments.
Pacific Northwest Laboratories, Richland, WA 99352. This paper describes a unique technique (i.e., "Siamese imaging") for imaging near vertical planar type defects in reactor pipe weldments. The Siamese image is a bisymmetrical view of the inner surface defect. Image construction geometry consists of two focused probes (i.e., sourcelreceiver) positioned to view the crack from opposite sides at a preselected viewing angle. As the source-receiver combination is scanned across the near vertical objects, one sees first the normal reflected image and then the inverted image. The final integrated image consists of the normal and inverted image, thus we call it a "Siamese image."
The following image parameters uniquely determine defect depth with respect to the external pipe surfaces: 1) source-receiver central illumination angle, 2) defect inclination, and 3) separation distance between the images. The object's true height, depth, inclination angle, and magnification are easily obtained from the associated image construction parameters and the Siamese image. The experimental imaging results on simulated and natural cracks in reactor piping weldments graphically illustrate this unique technique. Excellent images of mechanical fatigue and thermal cracks were obtained on ferritic and austenitic piping. Three-dimensional acoustic images of real flaws inside cylindrical objects are presented. The three-dimensional images are generated by stacking up two-dimensional tomograms of the object. Particular attention has been given to imaging incipient and radial cracks in rods and pipes. A new technique has been developed and proved very successful for imaging such defects. Two scans of the object are performed, one isonifying the object with compression waves, and the other with shear waves. Each scan is processed separately and the final image is formed by superposing the shear image onto the compression image. For both scans the aperture is synthesized by object rotation. The wavefronts inside the samples are cylindrically diverging, and the reconstruction procedure involves backprojection along circular paths. A simple empirical deconvolution filter has been used to remove the blurring caused by simple backprojection. A data reduction scheme has been used to reduce the amount of data to be processed and pave the way for a real-time system. Thls work has been supported by the Royal Society's Paul Instrument fund, Messrs Wells-Krautkrarner, and a Brlstol Unlversity scholarship.
Nondestructive TAV Spectroscopy to Detect Impurity Levels in Semiconductor by Scanning the Energy Gap with Biasing Electric Field, M. TABIB-AZAR and P. DAS, Electrical, Computer, and Systems Engineering Department, Rensselaer Polytechnic Institute, Troy, NY 12180-3590. The presence and location of an impurity level at the surface of a p-type, Bdoped, 9-10 L' cm Si sample is detected using transverse acoustoelectric voltage (TAV) spectroscopy in the presence of a biasing electric field. TAV spectroscopy has been previously used to study semiconductor surfaces and its sensitivity is increased by using an electric field to change the surface condition of the semiconductor. The biasing electric field is used to scan the forbidden gap of the semiconductor by the Fermi level. Thus, depending on their position relative to the Fermi level, the impurities can be selectively ionized. The process of detecting an impurity level by the above technique is as follows: The semiconductor is placed at the surface of a LiNbO, sample. The nonlinear interaction between the free camers at the surface of the semiconductor and piezoelectric waves at the surface of the LiNbO, develops TAV across the semiconductor. The amplitude of the TAV signal is monitored to study any changes in surface conductivity. A monochromatic light is directed at the surface of the semiconductor. The photon energy is varied and the TAV spectrum is obtained. Upon shining a monochromatic light with proper photon energy, the ionized donors and neutral acceptors trap the electrons from the valence band increasing the net hole population. On the other hand, the neutral donors and ionized acceptors lose their electrons to conduction band increasing the net electron population. TAV versus the energy of the incident light is monitored to detect alteration of the surface conductivity induced by impurity-level-trapping of the carriers. The magnitude and polarity of the biasing electric field is chosen to yield the maximum variation in the TAV signal when such trappings occur. This technique is used to detect an impurity level around 1 eV below conduction band at the surface of thep-type Si sample. This level is not detectable without the biasing electric field. The technique will be applied to study the surface of GaAs samples and experimental data will be presented. Uniaxial stress effects on the low-field magnetoacoustic interaction have been studied using bulk compressional and Rayleigh surface waves in numerous steel samples having various impurity concentrations. l The results invariably showed that the slope of acoustic natural velocity variations, with respect to net magnetization parallel to the stress axis, is positive under tension and negative under compression. The results of current measurements in railroad rail steel having about 0.68 wt. percent carbon content are typical for medium range carbon steels. The low-field natural velocity slope in this particular type of steel, which is almost zero when unstressed, becomes steeper with increased magnitude of stress in both directions. Hence, the nondestructive determination of the sign of residual stress in railroad wheels and rails is possible using this technique. This paper discusses the basic physical mechanism underlying the experimental observations and presents the results obtained in railroad rail steel. A new way to analyze signals of leaky Lamb wave (LLW) spectra to perform nondestructive evaluation of fiber reinforced composite laminates has been investigated. Lamb wave modes in composites have previously been shown to depend on elastic properties of the constituents, material thickness, fiber orientation, and lay-up. Coupling to the Lamb waves is accomplished by mode conversion from an incident compressional wave in a fluid surrounding the plate, where a second transducer in the fluid detects the LLW. NDE applications of this excitation have been studied in graphite-epoxy plates using swept frequency rf tone bursts in the range of 0.5 to 10.0 MHz. Experiments have demonstrated high sensitivity to various types of defects, such as delaminations, porosity, and changes in fiber content. To prevent insignificant spatial variations in either resin content or plate thickness from complicating the detection of important defects, a new scheme has been devised to analyze ultrasonic reflection signals from the plate. By continuously modulating the tone-burst frequency over a spectrum of several Lamb wave modes, the near periodicity of these modes at low angles of incidence has been exploited to discriminate between important and ignorable mode variations. In effect, a Fourier analysis of the LLW spectrum is performed. Calculations of LLW propagation in composite plates are reported to support the conclusions of experimental observations. Also, examples of two-transducer LLW C-scans of composite samples with seeded defects are presented, demonstrating the improved discrimination and sensitivity of the new signal analysis method. In particular, dilute microporosity is easily detected and imaged with this technique. While the nature of many types of guided waves (Lamb, Love, Stoneley, Rayleigh, etc.) is well understood theoretically, relatively little effort has been made to exploit the unique characteristics of these waves for nondestructive testing purposes. There are several areas where conventional NDT techniques have limited utility and guided waves may be useful. One such area is for the evaluation of adhesively bonded joints. While capable of detecting gross flaws, conventional techniques have been found to be insensitive to defects in critical areas, particularly in the high stress regions at the edges of bonded joints. In this work, an interface wave technique is used to monitor fatigue damage development in an adhesively bonded A1-AI lap joint. The velocity and attenuation associated with interface wave propagation were continuously monitored during reverse-bend testing of the bonded samples. Results were compared with microscopic analysis of damage development. Interface wave testing was found to provide an early indication of damage initiation and was. in fact, sensitive to edge defects.
Using Interface Waves for
ACOUSTOOPTIC DEVICES AND TECHNIQUES
Chairperson: C. S . TSAI, University of California, Irvine Acousto-Electro-Optic Effects in SAW Devices, A. V. SCHOLTZ and P. DAS, Electrical, Computer, and Systems Engineering Department, Rensselaer Polytechnic Institute, Troy, NY 12180-3590. Acousto optic and electro optic devices can be used in many ways as signal processing devices like modulators, correlators, deflectors, etc. Because of the fact that most of the processors can be done with either of the two types of devices, they often compete. However, the two effects can be combined to give an acousto-electro-optic device. Some of the limitations that they might have separately can be overcome in this way. This type of device can be implemented in a bulk wave device or SAW. The structure of SAW devices allow a variety of ways in which to apply the necessary electric field. A dc voltage can, for instance, be applied to an interdigital transducer. When a light beam passes under the transducer, the change in refractive index will diffract the light in the same way as an acoustic wave, launched from an identical transducer would. The only difference is the absence of a Doppler shift in the light frequency. If an acoustic pulse now interacts with the light beam at the same time, a combined effect will be seen. The electro-optic interaction will affect the phase of the detected pulse. Iny-cut, z-propagating LiNbO,, with a pulse modulated 55 MHz acoustic signal and y-polarized light, a voltage of 5 V on the electro-optic transducer forces the first order diffraction to zero. A voltage of 10 V will result in a phase reversal, and therefore a negative pulse.
For second order diffraction, the effect is to increase the detected pulse amplitude. This type of interaction opens new ways to do convolution, correlation and modulation. With multiple electro optic transducers to get a weighing function, the only difference between convolution and correlation is the direction of the acoustic wave. The object of this paper is to analyze and demonstrate this principle in a SAW device, and to discuss the advantages it has over electro optic and acousto optic devices. We examine the case of an unguided, linearly polarized bean1 of light interacting with a surface acoustic wave. The focussed light beam enters a (LiNb03) crystal from the side and the diffraction efficiency is measured as a function of both deviation from Bragg angle and the S-orp-polarization of the incident light. We give experimental evidence that for p-polarized light, the interaction bandwidth (i.e., the range of incident angles for which phase matching can be satisfied) for single diffraction can be twice as large versus the case of s-polarized light. This fact can be used advantageously in acoustooptic signal processing devices to increase dynamic range. We show results of an analysis which takes into account the particular interaction geometry, including the gaussian nature of the focussed light beam, and compare these with experiment.
Wideband Acousto-Optic Scattering from an Optical Fiber at 3 GHz, B. We have experimentally demonstrated a scheme to acousto-optically scatter light from the core of an optical fiber with a D-shaped cross section. An acoustic beam is generated by a ZnO transducer deposited on a wedge-shaped YAG crystal. The face of the wedge opposite this transducer is pressed against the flat of the fiber to form a Hertzian contact, allowing the acoustic beam to travel across the fiber core at the angle required to satisfy the Bragg condition. An acousto-optic bandwidth of greater than 1 GHz has been measured, centered at 3 GHz. We show how the theory of Bragg diffraction can be applied to this unusual geometq to accurately predict the measured scattering efficiency.
under contract N00014-84-G-0172. and N. GOTO, Nagoya University, Nagoya, Japan.
New type integrated optical exchanges and switching boards consisting of optical waveguide couplers with acoustic waveguides using surface acoustic waves (SAW) are studied. Integrated optical exchanges are very useful and important devices in global and local area networks with many input and output optical fibers. Optical experiments and theories for collinear interactions between optical guided waves and acoustic surface waves in three dimensional couplers which are fundamental characteristics for integrated optical exchange using SAW are shown. Collinear couplers of ZnS/TaZ051 Nb205 thin films are integrated on the LiNb0, crystal substrates to construct integrated optical exchange, and have tunable properties for optical multiwavelengths and SAW. Ta205 acoustic strip waveguides placed on optical slab waveguides on the LiNbO, are used to improve the SAW propagation properties and decrease the input SAW power of IDT for optical switching. 95 percent of optical guided waves are switched by SAW at 29 MHz and 71 MHz. Dynamical properties of high speed switchings using SAW in integrated optical exchange are shown for optical fiber systems of many input and output fibers. Most efficient waveguide construction and acousto-optic materials are discussed for integrated optical exchange of planar type with many tunable switching couplers and multiports of optical fibers. The heterodyne interferometer is a very sensitive instrument with a wide dynamic range, suitable for measuring surface displacements of amplitude smaller than IO-' A . However, the interferometers presently implemented present some difficulties in alignment, and, more importantly, in the instabilities which limit the dynamic range. We describe a new version of the instrument which considerably reduces these problems. The combination of a colinear beam Bragg cell and of a polarizing beam splitter makes the optical arrangement compact (less than IO cm long) and simplifies the alignment procedure. Initial results show that instabilities are reduced by about one order of magnitude (down to one percent of the output signal). The performances of this optical probe will be compared with those of previous instruments. Of major importance in the design of surface acoustic wave (SAW) devices for high precision applications are the selection of crystalline orientation and direction of propagation of surface waves in quartz which are utilized in the SAW delay line of resonator design. A proper selection of the orientation and propagation direction of surface waves in quartz depends upon various propagation characteristics. such as surface wave velocity, electromechanical coupling factor, power flow angle, surface wave attenuation in vacuum and in presence of gaseous loading, diffraction and beam steering losses, temperature and stress dependences of surface wave velocity (or phase delay). Both static and dynamic temperature induced effects are of importance. In addition, various types of stress distributions in the resonator volume which can affect the device performance include intrinsic and thermal stresses in electrode films, bonding and mounting stresses and externally applied acceleration (or vibration) induced stresses in the crystal substrate.
SAW MATERIALS AND PROPAGATION
Chairperson
While most of the wave propagation characteristics are determined by solving linear equations of motion and are well understood, temperature and stress induced effects on the surface wave propagation are studied from the solution of equations of motion for small dynamic fields superposed on a bias and important advances in our understanding are currently being made. A review will be presented of the recently obtained results and comparison of propagation characteristics of several orientations with the standard ST-cut will be made. It will be shown that there are compelling evidences to infer that some of these singly and doubly rotated orientations will lead to improved performance of SAW devices, albeit, will require tighter tolerance on the orientation angles than we are used to with the widely used ST-cut. Li2B4O7 has attracted much attention as a promising SAW material because of its low TCD and high SAW coupling.' All dielectric, elastic and piezoelectric constants, and their first and second order temperature coefficients have been newly determined, among which second order temperature coefficients have been obtained for the first time to our knowledge. Based upon data set determined by authors, Rayleigh SAW, leaky SAW and bulk wave properties have been studied for the various orientation and propagation from theoretical and experimental point of view. Both calculation and experimental results have shown that Rayleigh SAW possesses a particularly useful cut with zero temperature coefficients of delay (ZTCD) The propagation characteristics of a leaky surface wave on quartz crystal were theoretically calculated by changing Euler's angle, and a new cut for SAW devices with zero slope temperature was discovered. This results were demonstrated by experiment to verify the theoretical prediction. The temperature deviation of time delay is much less than the ST-cut and is within 15 ppm from -20" to 80°C. The SAW velocity is faster, approximately 3950 m/s, and this is advantageous for higher frequency devices. The measured electromechanical coupling constant is 0.1 percent and a little smaller than that of the ST-cut. It was found from theory that the energy concentration to the surface is very strong and almost all wave energy is within two wavelength. The attenuation constant of the leaky wave obtained by experiments was approximately 2.6 X dB/h, and it was shown that there is no problem for actual SAW devices such as filters and resonators. The cut angle of this new cut is -75.3" rotated Y-cut with propagation along the xaxis. This cut of quartz might be called an LST-cut because of the leaky surface wave utilized. The proton exchange process in lithium niobate using a benzoic acid solution can produce a high refractive index step region at the surface, useful for application to guided optical wave devices. The surface acoustic wave properties of proton exchanged regions, 0.5 to 1.5 pm in depth were investigated at frequencies from 0.8 to 1.4 GHz using interdigital electrode structures. The SAW transducer conversion loss increased from 8 dB to greater than 25 dB as the exchange depth to acoustic wave length ratio increased from 0.1 to 0.3. Over this region the phase velocity showed less than two percent variation and the surface acoustic wave propagation loss remained relatively unchanged. Impedance and transmission loss measurements were used to calculate the evident degradation in coupling factor. Analysis indicated that the piezoelectric property of the crystal was reduced to near zero in the region where hydrogen had replaced lithium in the exchange process. Annealing restored the piezoelectric property but changed the refractive index profile. The basic mechanism causing the observed changes in the piezoelectric property is discussed.
This work was partlally supported by the Navy under contract N00014-84-C-2447. An experimental study of the temperature coefficient of delay (TCD) and insertion loss (IL) of berlinite (a -AIPO,) has been performed in order to determine the effect of heat treatments on this crystal. In recent years berlinite has been the subject of theoretical and experimental studies in order to determine its potential as an alternative to quartz in applications requiring temperature stability and moderate piezoelectric coupling. This work has shown that some orientations in the region of x-axis boule 85" to 105" have a cubic type behavior for TCD. However, reproducibility of TCD from boule to boule and high IL have been a problem. In the present work a large number of berlinite samples subjected to heat treatments ranging from 350" to 500°C for periods of time ranging from three hours to seven days were studied. Preliminary results indicate that TCD and IL depend strongly upon the heat treatment. For example, in the case of x-axis boule 8 5 " , TCD is seen to vary in a continuous fashion from a nearly linear to a cubic variation as the time of the heat treatment is increased. The heat treatment most likely causes water to be driven out of the crystal. This work indicates that TCD and IL can be optimized by the use of an appropriate crystal heat treatment.
This work was supported by the Allied Corporation. The small wavelength associated with ultrasound in tissue permits focusing of ultrasonic energy for localized hyperthermia treatment of deep-seated tumors. Currently used ultrasound hyperthermia systems rely upon fixed or mechanically scanned transducers for controlling the energy deposition in the tumor. Alternatively, phased array techniques can be employed to electronically generate and move a focal region within the treatment field without moving the transducer assembly. Two approaches are examined which employ linear phased arrays instead of a two dimensional array to limit the number of elements required. One approach uses a stack of linear phased arrays while the other uses a tapered linear phased array operating over a range of frequencies. The focal region is steered in two dimensions by controlling the phases on each element, and in the third dimension by shifting from one group of linear arrays to another or by shifting frequency.
HYPERTHERMIA 11: ARRAYS AND SYSTEMS
The design considerations for these transducers suggest that each linear array should consist of approximately 64 elements with a center-to-center spacing between 0.5 and 0.8 wavelengths. Theoretical results of comparison at 250 kHz of a mechanically scanned fixed focus transducer and an electronically scanned stacked linear phased array show that the heat generation patterns are similar. Experimental measurements of the field generated by a tapered linear phased array show good agreement with theory. Annular phased arrays subdivided into sectors (radial slices) can, with appropriate phasing, produce power absorption patterns usehl for hyperthermia cancer therapy. The ability of an annular array to move a focal region along the central axis of the transducer is well known. Less well known is the ability of such an array to produce variable diameter annular (or ring) focal regions. Such focal rings can be effective in heating tumors if directed around the tumor periphery. These focal rings have been produced in the past by fixed annular focus lenses, or effectively by mechanical scanning of "point" focus IEEE TRANSACTIONS ON ULTRASONICS, FERROELECTRICS, AND FREQUENCY CONTROL, VOL. UFFC-33, NO. I , JANUARY 1986 111 ultrasonic transducers. Production of these focal rings by an anular phased array has the advantage of allowing the ring diameter to be easily changed and scanned by phasing providing much greater heating flexibility. However, under some conditions such arrays produce very large secondary focus effects along the central axis of the array. Annular arrays can also provide only patterns of circular symmetry. These problems can be partially solved by dividing the disk of the array into sectors. By appropriate phasing of the sectors, the intensity along the central axis can be greatly reduced. Moreover, appropriate phasing of the rings and sectors can produce patterns which are circularly asymmetric. By controlling these asymmetries, non-spherical tumors can be heated more optimally. Power absorption patterns in lossy media for this class of applicators are analyzed numerically allowing a quantitative evaluation of both advantages and limitations of this approach. A thermal model based on the bioheat equation is also used to predict temperature distributions in volumes where important thermal parameters, particularly blood flow, are varied. A computer-controlled hyperthermia system has been developed for clinical evaluation. It is composed of a large aperture ultrasonic array applicator, an ultrasonic annular phased array imager, and a multichannel thermometry system. The applicator has a 50 cm aperture which contains 30 broadband ultrasound transducers that operate from 500 KHz to 1 MHz. Each transducer is independently controllable in power, phase and mechanical orientation. Thus the diameter and power distribution of the ultrasound at the focal region can be varied to satisfy heating requirements. The whole array is submerged in water and is positionable in three dimensions plus rotation. Patient contact is through a thin water-tight membrane. To assist in patient setup, there is a sector scanning ultrasonic imaging transducer in the center of the applicator. The patient treatment is monitored by a 30-channel thermometry system which accepts either T-type thermocouples or thermistors. The operator-system interaction is through a touch screen CRT and keyboard. Design details, phantom studies and simulations will be presented. Ultrasound is considered to be the modality of choice for hyperthermic therapy of cancer since it can be used to selectively heat tissue at depth in a controlled manner with sparing of overlying tissues. For such heating, scanning with one or more focused beams of ultrasound is essential. The present clinical system at MIT utilizes a computer-controlled electro mechanical system with six degrees of freedom of motion for scanning. Ultrasonic phased-array applicators capable of focusing and beam steering without mechanical movement would generally be preferable. This paper will formulate the design constraints of an ultrasonic hyperthermia applicator, and will indicate the limitations of a conventional phased-array applicator. It will be shown that single or stacked linear phased-arrays which provide only cylindrical focusing need to be impractically large in order to provide sufficient selective heating at depth. A planar phased-array applicator with spherical focusing, while capable of producing adequate heating at depth, would require an excessive number of elements and associated phasingipower circuitry. Furthermore, even if such a phased-array applicator were constructed, the angular scanning provided by such a device would result in excessive surface heating as a result of near-field overlap. It is concluded that in order to effectively heat large, deep tumors, the ultrasonic hyperthermia scanning system must allow for lateral displacement of the ultrasonic beam. Acoustic signals generated by deeply penetrating radiation in soft tissue offer the possibility of producing medical images unique in the sense that the imaging parameters differ from tbose in current use. The potential for such images is twofold: low level inducing fields such as rf or microwave could be used to generate diagnostic images, or the fields present in therapy could be used to generate information on energy deposition during tumor irradiation or offer thermometric assistance in hyperthermia. Earlier work presented in these symposia discussed the theory and presented confirming exerpimental results for various sources of radiation. These results included' the detection of thermoacoustic emissions from plates in a small water tank inside a microwave chamber. These emissions were produced by low level, pulsed microwave radiation. The present work represents a significant advance in two respects: serious ringdown problems have been eliminated through the use of digitally controlled analog switches, and microwave radiation is coupled into an interrogated region of arbitrary size and shape using an applicator horn matched to water and fed from a 2450 MHz microwave source similar to that used in clinical hyperthermia. The purpose of this study is to relate pertinent material properties of sintered ceramics to their green-state elasticity using ultrasonic methods. This relationship would be useful to monitor and control ceramic processing, permitting the rejection of ceramics possessing poor green-state elastic properties and thereby avoid further costly processing. While many ultrasonic studies have been made on sintered ceramics, few have been made on the green state, and apparently none have systematically correlated green-state elasticity with final sintered properties.
A Large
The Limitations of an Ultrasonic
PROCESS MONITORING AND CONTROL
Chairperson
By means of ultrasonic longitudinal and shear wave velocity measurements, the degree of isotropy, homogeneity, and inter-sample elasticity variations are determined as a function of processing parameters on both the green and sintered states for a series of alumina ceramic samples. As a measure for one process-control parameter, elasticity data is presented on samples in which the binder has been removed (producing hard agglomerates) before pressing and sintering. leading to low strength materials. It is suggested that such data act as a monitor for the detection of distributed hard agglomerates.
To avoid sample contamination by couplant absorption into the porous ceramics (especially in the green state), dry coupling techniques are used for both longitudinal and shear waves. A novel polymeric coupling material permits dry coupling of shear waves to fragile green-state and sintered ceramics with minimal pressure in a two-transducer through-transmission technique. With these techniques, order-of-magnitude changes in the elasticity are monitored on samples from the green state to the final sintered state. A technique is presented to estimate the state of viscosity of a thermally curing resin. The resin's complex shear modulus at 1 MHz is derived from the measured reflection coefficient of shear wave pulses at the tool-resin interface. A special transducer-buffer assembly has been developed which operates at high temperature and provides a reference calibration signal. With this assembly, absolute determinations are made through-out the cure cycle of the elastic (real) and viscous (imaginary) components of the shear modulus, from the latter of which the high frequency dynamic viscosity is calculated. Comparison with data obtained at low shear rates with a IO Hz torque viscometer indicates the feasability of using the high frequency technique to monitor the rheological properties of thermally curing resin. A compact low-cost ultrasonic pulse echo system has been developed. It is divided into two main blocks: acquisition and processing ones. The acquisition part is a Z-80 p-processor based. It samples up to four ultrasonic channels 8 MHz and stores ultrasonic and coordinates information in a floppy disk. The processing part is based upon a 9836 CS Hewlett Packard minicomputer and allows the color display of A-scan, B-scan, C-scan and three-dimensional standards views.
The system is composed by handling and low cost packages, having the possibility of working up to four ultrasonic channels in order to facilitate the evaluation process. The method of operation is in an easy menu mode. The scope of this system is oriented towards the field ultrasonic inspections with elementary robots of components, focused to cover the present gap between big automatized systems for reactor pressure vessels inspections and manual inspections.
The main features of the above mentioned system, and several examples showing the different kinds of processing and color graphics obtained, are presented.
Nondestructive Inspection of Niobium to Improve Superconductivity, M.
G. ORAVECZ and L. W. KESSLER, Sonoscan, Bensenville, IL 6 0 1 0 6 and H. PADAMSEE, Laboratory of Nuclear Studies, Cornell University, Ithaca, NY 14853.
The results in this paper demonstrate that the information needed for the selection of the highest quality niobium can be obtained nondestructively.
Current performance of particle accelerators using microwave superconductivity is largely limited by the quality of available material. Performance improvements require rapid nondestructive inspection of commercially pure niobium sheets in bulk for assurance of high purity, small grain size, freedom from critical defects and near 100 percent recrystallization. Data was obtained by scanning a total of 1.5 square meters of 3.0 and 1.5 mm thick niobium sheet with a Scanning Laser Acoustic Microscope (SLAM) utilizing acoustic resolution of up to 25-50 microns. We have found that --acoustic attenuation in both niobium plates and welds depends upon interstitial gas content; the spatial variation in acoustic transmission is a strong function of grain size; there is ultrasonic evidence of inadequate recrystallization which may result in localized regions of high interstitial gas content; internal delaminations and near surface delaminations which result from rolling operations are easily detected; and internal localized inlcusions or voids are detectable. A principle advantage of SLAM technique is that it combines a high scan density with a high scan rate (l30 linesimm and one square meter in 30 minutes at 60 MHz) making it practical to inspect the large quantities of material proposed for future accelerators (eg. I O 0 tons). This work was supported by the U.S. Dept. of Energy.
MSW DEVICES AND SYSTEMS
Chairperson: D. C. WEBB, Naval Research Laboratory An MSW Tunable Bandpass Filter, J. D. ADAM, Westinghouse Electric Corporation, R&D Center, Pittsburgh, PA 15235. A bandpass filter tunable over 8 to IO GHz with insertion loss of 13 dB, 3 dB bandwidth of 15 MHz, 50 dB bandwidth of 55 MHz and out-of-band rejection of better than 55 dB has been demonstrated. Magnetostatic forward volume wave propagation was used in a 8.5 pm thick YIG strip of width 1 mm. The passband shape was achieved by use of 0.635 mm wide transducers on an 0.635 mm thick alumina substrate, a spacing of the YIG film from the transducers of 160 pm and reflecting ends on the YIG film at a distance of 0.7 mm from the transducer center. The YIG strip was positioned at the center of the input and output transducers which were hem/2 long at 9 GHz and separated by 5 mm. hem is the electromagnetic wavelength in the microstrip.
Higher order width modes were selectively attenuated by use of thin aluminum strips deposited on the YIG transverse to the MSW propagation direction. This basic approach was demonstrated previously in a IO-channel filter bank' but the present single channel results represent a significant improvement in passband shape and out-of-band rejection. A similar device was tested with transducers which were grounded close to the edge of the YIG strip. This filter was tunable from 500 MHz to 12 GHz with an insertion loss which decreased from 28 dB to 16 dB over this range. Out-of-band rejection was typically >45 dB. The magnetic bias field was supplied by an electromagnet of approximate dimension 5 cms X 5 cms. Magnetostatic wave (MSW) delay lines offer a potential replacement for coaxial cables in applications requiring 10-1OOO nsec of group delay at microwave frequencies. These delay lines use YIG films as media for spin wave propagation and are tunable via the bias magnetic field. By controlling the doping level YIG films, the tuning range of MSW delay lines can be controlled. In addition to their low insertion loss (typically less than IO dB at C band), MSW delay lines exhibit relatively low phase noise performance.
Several MSW delay lines were constructed and tested for amplitude and group delay responses as well as phase noise. Highly doped and pure YIG films were used for UHF and microwave frequencies, respectively. Two methods were used to measure phase noise. The first method involved using a frequency discriminator circuit driven by a very low noise source (HP 8662 Synthesizer) and was suitable for testing low frequency delay lines. In the second method, an oscillator was formed, using the MSW delay line in an amplifier feedback loop, and the phase noise of the oscillator was measured using the HP 3047 Spectrum Analyzer System. The data obtained was used to extract the phase noise characteristics of the MSW delay line.
It was noticed that the measurements were very sensitive to small magnetic field variations because of the large delays involved. Both shielded electromagnets and permanent magnets were used to overcome this problem. Data for several devices will be presented.
Wideband Discriminators Using Tunable MSW Delay Lines, E. REESE, Hewlett-Packard CO, Santa Rosa, California 95401; and W. ISHAK, HewlettPackard Laboratories, Palo Alto, CA 94304.
Wideband frequency discriminators can be built using magnetostatic wave (MSW) delay lines. These discriminators can be used to measure phase noise of microwave oscillators. Because MSW delay lines can be tuned, i.e. their frequency and group delay responses can be varied by adjusting the DC bias magnetic field, the discriminator can be automatically adjusted for phase quadrature without the requirements of variable phase shifters. Furthermore, the delay line tuning characteristics allow the discriminator to be calibrated automatically by slightly tuning the MSW delay line above and below the quadrature point. Because the instantaneous bandwidth of the delay line can be adjusted, bandpass filters typically used in frequency discriminators to eliminate spurious signals are not required. Another valuable advantage of this type of discriminator is that the MSW delay line can track the frequency of the microwave source under test, thus allowing phase noise measurements of tunable sources.
An example of a frequency discriminator will be presented. The MSW delay line used a 20-micrometer YIG film and was tunable from 2.5 to 11 GHz. At 6 GHz, the insertion loss and the group delay were 6 dB and 180 ns, respectively. Several microwave sources, with known phase noise characteristics, were measured using the above-mentioned discriminator showing good agreement. The results will be presented. We reported at the 1984 Ultrasonics Symposium observation of diffraction and mode-conversion in a noncollinear configuration in which the propagation directions of the incident and diffracted light waves are orthogonal or near orthogonal to that of the magnetostatic surface waves in the YIG-GGG waveguides. As in planar guided-wave acoustooptic interaction, a variety of device applications with the noncollinear configuration are possible. In the present paper we present a detailed theory on this noncollinear guided-wave magnetooptic interaction that has been developed recently to verify the experimental observation. Both the analysis and the experiment show that in contrast to the collinear configuration, mode-conversion in the noncollinear configuration is caused by a combination of Faraday and Cotton-Mouton effects induced by the DC magnetic field and the MSSW. The induced changes in the permittivity tensor, as a result of both Faraday and CottonMouton effects, in turn cause the couplings between the TEo-and TMo-modes in the waveguide. It follows that three additional light waves, namely that of the diffracted TMo-and TE,-modes and the undiffracted Tb-mode are excited in the waveguide. These three resulting light waves and the original incident light wave of the TMo-mode are related by four coupled-mode equations. We have determined these four light waves at the output plane, using the coupledmode technique together with computer calculations as a function of all relevant physical and geometrical parameters. A good agreement between these calculated results and the experimental data has been obtained. Some of the major conclusions of the detailed theory together with some most recent experimental results including deflection of the light beam and optimization of interaction geometry will be reported. 
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Bragg diffraction of guided optical waves by magnetostatic waves (MSWs) in thin film garnets will prospectively provide devices for signal processing at frequencies up to 20 GHz. Presently, advances in device performance are limited by low diffraction efficiency and by optical and MSW absorption. Use of improved garnet materials can circumvent these barriers. The materials properties required are: high Faraday rotation and low optical absorption and scattering, and low MSW absorption (i.e., low ferrimagnetic resonance linewidth). Secondarily, saturation magnetization and magnetic anisotropy are also important. These garnet properties can be most critically influenced by substitutional constituents in the film composition. Substrate composition can improve lattice matching for epitaxial film growth. Growth rate, temperature, flux composition, and approach to crystallization through the garnet phase diagram are also important. Materials optimized for bubble memory applications have been found often inadequate for optical-MSW devices. A coordinated effort for optimization of garnet materials for MSW and optical propagation and interaction has been pursued, employing measurement of ferrimagnetic resonance linewidth, saturation magnetization, Faraday rotation, and optical absorption. We report on measurement techniques and on results obtained on various garnet samples. The present paper reports theoretical and experimental results on the convolution of contra-propagating magnetostatic forward volume waves (MSFVW's) as well as magnetostatic backward volume waves (MSBVW's).
The basic theory of MSFVW convolvers was reported recently ' but the theory for MSBVW convolvers has been unavailable. The theory treats the convolution of signals that are either cw or time-limited cw pulses, and predict values of the internal bilinearity factor F,,, as well as the shape of the envelope of the signal representing the convolution of cw pulses. Computations of F,,, indicate an efficient convolution process over a wide bandwidth. The experimentally determined values of F,,, are in excellent agreement with theory. The envelope distortion present in the convolution of cw pulses in a dispersive geometry, and the alleviation of this problem achieved by employing a non-dispersive geometry, are highlighted in the computations. Magnetostatic-wave (MSW) convolvers are of potential interest to system developers in the electronic warfare and other areas where signal processing directly at microwave frequencies is desired and the primary requirement is large bandwidth (typically in excess of 1 GHz) rather than large timebandwidth product (TBP). Large values of TBP cannot be realized with MSW convolvers because of the fact that MSW delay lines, in comparison to SAW delay lines, are severely limited in terms of the maximum delay time that is realizable without excessive insertion loss which is in the order of few hundred nonoseconds. A method has been developed to obtain both ultrasonic attenuation and velocity from the same interference image produced by a 100 MHz SLAM. Previously, both the acoustic amplitude and interference images were analyzed to give attenuation and velocity, respectively. In the interference mode, the constant phase vertical fringe lines overlay the amplitude image, giving the horizontal raster lines the appearance of constant wavelength sinusoids with amplitude variations dependent on the energy transmitted through the specimen. Spatial variations in energy were computed from the raster lines by several methods. RMS values gave the best results in terms of linearity, sensitivity and speed. Linearity and sensitivity were determined using electrical attenuators (0-15 dB) to decrease the acoustic energy incident on a thin layer of saline. The decrease in energy, represented in dB as insertion loss (IL), vs electrical attenuation gave a slope of 1.09 and a linear correlation coefficient of 0.997 for an image area 80 X 40 pm. Standard deviation (SD) of IL ranged between 0.5 and 1.1 dB. This is a 20 fold improvement in resolution compared to the previous method (ZEEE Trans. Sonics Ulrruson., vol. SW-32, pp. [259] [260] [261] [262] [263] [264] [265] 1985) . The sensitivity was 0.2-0.4 dB for an area 80 X 400 pm, but became worse with decreasing area. The attenuation coefficient for a homogeneous (fatty rat liver) and for a heterogeneous (dog skin) specimen were -17.53 and -45.70 dBimm, repsectively. The SD for the liver and skin IL values ranged between 0.8- We have developed a simple but effective method for calculating the transmission and reflection of acoustic signals from the bulk of a composite material. The basic idea of the method is to account carefully for the acoustic flux established within the material. By treating the flux we can account for the effects of multiple scattering and reflection.
Using a general onedimensional invariant embedding arguement, we derive two coupled recursion relations for the reflection and transmission coefficients and a non-linear identity between them. These recursion relations take the place of the differential equations for the propagation of waves in the medium and when they are solved only two generic but frequency dependent parameters emerge. One parameter scales the thickness of the composite and can be identified with the complex wave number. The other parameter is equal to the ratio of forward to backward scattering and so is related to the properties of local scattering centers; every process leading to scattering or attenuation of the acoustic signal contributes to the value of this parameter. We measure the acoustic signal reflected from and transmitted through a carbon fiber/resin composite at several points on the sample and fit these data the the scattering parameter. We then infer the mean density of scattering centers. A similar set of measurements is made on a well characterized loaded resin sample to test the accuracy of the predictions of this model. Two dewatering processes commonly used in the chemical and mineral processing industries are filtration and centrifugation. Filtration involves passing the suspension through a filter medium to retain the solid particles. Centrifugation utilizes a rotational field to increase the particle settling rate. Unfortunately, the efficiency of both processes drops significantly as the particle size decreases.
It has been shown that acoustic fields can be used to increase the dewatering rate, as well as to increase the solids content of the final product. However, the mechanisms involved are not yet understood. In this paper, the theoretical aspects of acoustic dewatering of coaUwater and lead oxideiwater slurries which tend to support the theory are also included. The results should lead to a better understanding of the mechanisms involved in acoustic dewatering processes for industrial applications. To enable increased utilization of conversion processes for fossil fuels, measurement and control instrumentation needs have increased beyond the present state-of-the-art in the chemical process industry. The very hostile environment of fossil fuel processes presents serious obstacles to the application of current techniques. However. the successful development of instrumentation measuring critical parameters will increase productivity and reduce downtime. These fossil fuel processes include coal liquefaction and gasification for which novel in situ measurement techniques are needed. Current research has included various laser methods, NMR techniques, and neutron activation analysis. Ultrasonic techniques offer major advantages in the rapid measurement of mechanical properties without the use of invasive probes or maintenance of clean optical windows. This talk will discuss ultrasonic instrumentation applied to fossil energy research, in particular to coal conversion processing and NDE methods used on components of these process streams, ceramic technology for advanced heat engines, etc. For the former applications, ultrasonic instrumentation has been used on multiphase flow streams to measure feed rates, temperature in hostile environments, and concentration of coal slurries. For the latter applications, significant problems in ceramic reliability exist because pre-existing flaws grow during processing and subsequent service. Ceramic process control needs and current ultrasonic instrumentation research will be discussed.
Within the Born approximation, the scattered field bears a simple relationship with the object function which scatters a plane wave illuminating the object. The relationship was derived in'. This relationship forms the basis of most acoustical tomography algorithms and is referred to as the diffraction projection theorem in the literature. The role played by this theorem in the field of acoustical tomography is similar to that played by the Central Slice Theorem in the field of X-ray tomography. For each monochromatic insonification, we obtain the Fourier transform of the object on the limiting Ewald sphere. Since an object can not in general be uniquely defined from its transform on a surface, multiple experiments are performed with different insonification directions, and the Ewald sphere then sweeps out a sphere in the Fourier transform space, or K-space, and the object function can then be determined by an inverse Fourier transform. However, the coverage of the Kspace can also be realized with the use of multiple frequencies instead of multiple incident directions. Some theoretical discussions on this aspect can be found in ?. This paper reports on the use of holography as an approach in approximating a solution to the inverse scattering problem. In particular, we have done some simulation studies using both multiple directions and multiple frequencies and have obtained some interesting results in comparing these two techniques. A new method of diffraction tomography is presented which adopts the Fourier transform to calculate the exact solutions of the 2-D or 3-D inverse scattering problem with broad-band pulse insonification. In most ultrasonic imaging, object inhomogeneities are comparable in size to a wavelength. Then, it is not appropriate to assume the propagation along rays and to ignore the diffraction. It is required to take account of the scattered fields to obtain the accurate image of the objects. Generally, the vast number of calculations, however, have to be executed to obtain such a numerical image. So, it is also required to perform these calculations efficiently.
In the method presented here, a small transducer transmits a broad-band pulse with arbitrary shape. The backscattered pulse is received then by the same transducer. Scanning the transducer, the data are collected along a line or over a plane, corresponding to 2-D or 3-D imaging respectively. The inverse scattering problems of both dimensions are derived under the assumption of the Born approximation. Since the 3-D solution is not the simple extension of the 2-D one, both problems are solved separately. Then, the exact solutions are obtained. It is proved that both solutions can be represented similarly by the Fourier transform. Therefore, During the past few years there have been many papers describing the use of the first order Born and Rytov approximations for diffraction tomography. These approximations severely limit the object size and refractive index variations that can be imaged. It is clear that better models will be needed for imaging more difficult objects. This paper describes several higher order models for the scattered fields and computational techniques involved. The Born and the Rytov approximations are easily extended to include higher order terms but like most series their range of convergence is limited. Another technique to be described is based on algebraic techniques and can be shown to always converge. Unfortunately, numerical instabilities limit this approach to objects with a refractive index change of less than 20-30%. This paper will describe numerical approaches for each of these higher order models and reports that region of convergence for the Born and Rytov series and objects that lead to stable solutions for the algebraic approach.
Finally, the results of the forward scattering simulations will be applied to the inverse problem. A number of computational techniques for higher order inverse scattering have been proposed; this paper will describe several of the more promising. Normal pulse echo ultrasound images are a straight line, constant wavespeed mapping of the echo wavetrain on to an image plane. However, the path the ultrasound beam actually traversed is curved because of refraction in the imaged volume. Additionally, the speed-of-sound in this volume is usually spatially variant. The correct mapping of echoes to the image is along a curved ray path with adjustments for wave speed variation' along this path.
The procedure for unwarping the pulse echo images begins with determining the spatial variations in speed-of-sound in the imaged volume. The speed distribution may be known as in the case of an anisotropic material or can be measured using high resolution ultrasonic computed tomography. Next, rays are traced, using geometrical acoustics, from a pulse echo transducer position through the volume under investigation. Finally, the measured echo wavetrain is mapped along the curved ray with corrections being made for the wavespeed along the ray path. The result is an image with the echoes placed at their correct origin.
Simulations of two-dimensional refractive objects are shown, to illustrate the correct mapping procedure. A pulse echo image of a refractive phantom and its unwarped version from a spatially accurate speed-of-sound image are presented for comparison. (Several previous efforts at ray tracing on measured speed-of-sound image were based on leading edge determination of pulse arrival time, detection scheme which distorts the image appreciably.) Reflection Tomography, also called synthetic focusing, is a technique for obtaining high resolution reflectivity images with depth independent, optimal focusing from real or synthetic apertures. When applied in practice, the method has not produced images with the theoretically possible spatial resolution and fidelity because of one or more of the following essential features is missing: 1) focusing normal to the imaging plane, 2) minimum echo pulse width point response (often it is 2 to 4 times wider than theoretically possible), and 3) corrections for refraction and attentuations. We show laboratory images with 1/2 mm resolution using a 2 MHz annular array that incorporate all of the above advanced and essential features. This 3 inch diameter annular array provides vertical focusing. Echo pulse widths are minimized by: 1) synthetic focusing of the 2 MHz annular array to provide dynamic focusing of both transmit and receiving elements and 2) adding the signal from a separate fixed focus 1 MHz transducer to increase effective bandwidth. Correction for refraction and attenuation is provided by transmission ultrasound tomography. This work was supported by grants from NCI, NIH, and the Public Health Service; and the American Cancer Society. In this work we describe the development of a new instrument called Tensometer that can measure tension and tension distribution in a membrane like a moving paper web in a paper machine. Using a sound burst at about 400 Hz we create an oscillating displacement in the paper web which then propagates as a membrane wave along the paper both upstream and downstream in the direction of the tension. The velocity of the membrane wave is then a function of the tension of the paper according to the basic equation of the membrane wave. The velocity of the membrane wave is then IEEE TRANSACTIONS ON ULTRASONICS, FERROELECTRICS. AND FREQUENCY CONTROL, VOL. UFFC-33, NO. I , JANUARY 1986 115 measured with two sets of microphones both upstream and downstream which detect the evanescent wave of the propagating wave in air. Using advanced electronic signal processing correlation, functions are created from the received sound signals, which are then used to calculate the speed accurately. The motion of the paper web is automatically compensated as the velocity is measured both upstream and downstream, Using the instrument we have been able to detect peaks in the profile which are 100 percent above the average tension. These tension peaks may be the cause of sudden web breaks. In a previous paper' the authors presented results on the acoustical imaging of solid objects in air with a sparse array of transducers. The imaging process was based upon a decision-theoretic methodology involving a statistical model of the measurement process in which a statistical ensemble of possible objects is imbedded. The resulting algorithm employed an iterative unsmoothing procedure that with the use of synthetic data yielded results that were nearly optimal for the particular transducer configuration selected. The effectiveness of a transducer configuration is partially dependent upon the existence of probabilistic ambiguities (i.e., the presence of several most probable output images for a given set of input data) and the configuration that avoids the largest number of such ambiguities is preferred. The earlier work was based upon an incomplete understanding of these relationships. Since that time we have discovered additional types of probabilistic ambiguities that indicate the undesirability of symmetrical configurations, particularly in the case of objects with related symmetry. In this talk we will present imaging results based upon synthetic data in which several squashed tetrahedra are assumed and will show how the results improve with increasing asymmetry of the transducer configuration. A theoretical discussion will be given of the manner in which the present imaging process goes beyond conventional optical limits and how this process depends upon the transducer configuration. Ultrasonic welding of plastic sheets and plates with transverse and longitudinal welding tip pairs vibrating I ) parallel and 2) perpendicular direction to welding surfaces is studied. In the welding tip pair vibrating parallel to the welding surfaces, ultrasonic plastic welding with 20 kHz and 27 kHz welding tip, a transverse welding tip pair, and longitudinal welding tip pair were studied. The welding specimens were welded from the upper part of specimens between welding tips, and these methods was shown very effective for welding of upper limited part of plastic specimens without no damage of lower part of specimens. In the welding tip pair vibrating perpendicular to the welding surface, two longitudinal vibration welding tips of 20 kHz were arranged parallel with a small gap (0.1-0.55 mm) and driven at anti-phase vibration mode. Using this welding tip pair, welding specimens can be joined successfully with very narrow weldment from upper part of lapped specimens according to the gap distance between welding tips.
INDUSTRIAL ULTRASONICS
The welding of a limited area of the lapped specimens was impossible by conventional methods because of its very large deformation and damage.
Finite Element Simulation of a Ultrasonic Vibrator for Plastic Welding, E. ANDOH SPC Electronics Corp., Tokyo 182 Japan; and Y. KAGAWA TOYAMA Univ., Toyama 930 Japan.
Plastics are widely used for many appliances such as electronic parts, toys and etc. due to its irreplaceable characteristic of thermal plasticity, corrosion resistance and lightness. Ultrasonic welding has been utilized for plastic bonding as it does not require adhesives. In recent years. plastics has increasingly been used for large-sized appliances which require a large ultrasonic welder with the vibratory tip of large application area. The vibration at the tip must be uniform to provide effective bonding. The vibratory behaviour of the large-sized vibrator is not always clear and it is difficult to provide reasonable design by the traditional empirical procedure of onedimension. The present paper describes a vibration simulation procedure for which the technique of applying the finite element method to a coupled electromechanical system is developed. The input admittance at its electrical terminals which, is one of the important parameters for designing the driving amplifier, can readily be calculated. The vibrator is considered as a twodimensional model in which a column-shaped electromechanical resonator (axisymmetric) and a plate-like tip are interconnected. The electromechanical resonator is a bolt-clamped Langevin-type transducer and the tip is sometimes as wide as one-wavelength of the frequency used providing slit configuration. Optimum design is to be made on trial and error basis. Some numerical demonstrations are presented, and the verification of the technique and discussion are made in comparison with actually fabricated ones. Simulation of an ultrasonic bonding tool has been developed to formulate and analyze the relationships between boundary conditions due to loading at the bond-tool interface and the measured parameters such as the ultrasonic frequency and the impedance variations during the bonding process. It is believed that improved process monitoring techniques can be developed based on the functional dependence between the ultrasonic frequency, impedance variations and the boundary conditions at the bond interface. The bonder can be programmed to monitor the bonding process for events which result in inferior bonds based on an algorithm which utilizes the functional relationship between the physical events and the observed parameters.
Both experimental and simulation results obtained indicate that a strong dependence exists between load, resonant frequency, and input impedance in an ultrasonic bonder. Resonant frequency was observed to increase as loading on the bond surface increases. The analysis also showed that resonant frequency is strongly dependent on load velocity but independent of shear force. The input impedance was found to be a function of increasing load and strongly dependent on both the load velocity and shear force. Simulation results also indicate that using a voltage source in bonders results in an adaptive property which makes it more suitable for optimal bonding, while using a current source provides conditions convenient for monitoring the bonding process. Therefore, it is suggested that the feasibility of using two source bonders be examined (i.e. voltage source during bonding, current source for subsequent monitoring). This approach should improve monitoring capabilities while maintaining high bond quality levels.
Although current results provide a better understanding of the bonding process, further work is necessary to develop a unified theoretical model of the bonding system/process such that the interrelation between the physical events and the monitored system parameters can be evaluated more precisely. It is anticipated that this can ultimately result in improved sensing techniques for real time nondestructive evaluation of wire bond quality. KAGAWA and T. MURAI, Dept. of Electrical Engineering, Toyama Univ., Toyama 930 Japan.
In a space laboratory environment, contact-free positioning is generally required for the material processing experiment (melting or solidification). Acoustic levitation has been studied by several workers. The main question is that fine levitation must be established under a high-temperature condition. In order to find the design parameters of a reasonable levitator, in the present paper, the numerical simulation is carried out. A two-dimensional model, a closed chamber with a specimen, is first examined to search the capability of the levitation simulation using a boundary element method. The calculation of the sound pressure is repeated until the force caused by radiation pressure acting on the specimen reaches its equilibrium state. Temperature gradient field due to the high temperature of the specimen may cause instability. In order to examine this effect, an axisymmetric model is then considered, for which the finite element method is used for solving both temperature and sound pressure fields. Firstly the domain to be analysed is divided into elements and the temperature distribution (in the range of 300"K-2000"K for Kr gas) is calculated neglecting the convecting effect. The sound velocity and the density of the gas depend on temperature. It is taken into accont but is assumed to be constant within the element. Secondly the resonant frequencies and the associated modes are calculated, one of which is properly chosen for exciting the levitator. As mentioned above, repeating the calculation is required for finding equilibrium state. Some numerical examples are demonstrated and discussion is made.
116
IEEE TRANSACTIONS ON ULTRASONICS. FERROELECTRICS, AND FREQUENCY CONTROL, VOL. UFFC-33, NO.
I , JANUARY 1986 The standard Biot theory for acoustic wave propagation in fluid-saturated porous media involves a pore-fluid pressure that is averaged over many pore volumes. This approximation is quite reasonable at low frequencies and in many synthetic materials. In certain types of materials at high frequencies (e.g. rocks at ultrasonic frequencies) the assumption of uniform pore-fluid pressure is not valid. When a porous material has a wide range of pore types, including both stiff and compliant pores, an acoustic wave will initially cause a large pore pressure increase (or decrease) in the compliant pores. The pore pressure gradiant between compliant and stiff pores will result in fluid flow and a net relaxation of the material. This so-called "local-flow" of pore fluid is often the dominant absorptionidispersion mechanism in rocks.
It is possible to estimate the magnitude of the dispersion associated with this mechanism. By applying the Gassmann equations to ultrasonic velocity measurements on dry rocks, velocities can be calculated for the fluid-saturated material with equilibrated pore fluid pressure. Comparison of these values to the measured ultrasonic velocities gives a measure of the velocity dispersion due to the local-flow mechanism. Data for various rocks show dispersions on the order of 5-20 percent at room pressure. Dispersion decreases as external pressure on the sample is increased. Synthetic materials such as fused glass beads show negligible dispersion. This is due to the uniformity of pore structure and extremely rigid solid frame. The Biot theory for the propagation of elastic waves in a fluid saturated porous solid contains three parameters that depend on the microscopic pore geometry: the tortuosity 01, the permeability k , and structural factor 6 [M. Biot, J. Acoust. Soc. A m . 28. 168-191 (1956) l. When the fluid in the pores is superfluid helium then these parameters can be directly determined from measurements of the speed and attenuation of the propagating sound modes [S.
Measurement of the BIOT Structural Factor
Baker et. al., J. Acoust. Soc. A m . 74 S1, S59 (1983)l. Results of such measurements made in sintered bronze spheres (nom. dia. 75p, I10 p , and 500 p) yield values of the structural factor 6 in the range 3.3 to 4.5 (I take 6 to be defined by K = 6(crwk/vP)"*), where K is the argument of Biot's dimensionless correction function F(K), v is the kinematic viscosity, and P is the porosity). If 6,,,, is the normalfluid viscous penetration depth and U is a characteristic pore size, then the range of (6&u) covered by these measurements is approximately lo-' to 1 . The extracted values of the structural factor are about 1 1/2 to 2 times larger than estimated for typical marine sediments [R. Stoll in Physics of Sound in Murine Sediments, Plenum, 1974, pp. 19-39] . In this work, an ultrasonic phase spectroscopy technique was used to examine the effects of grain size and porosity in simulated geological media. The samples were prepared from cylinders of sintered glass beads of varying diameter. Porosity was measured using a helium expansion technique and was found to depend on the heat treatment as well as specimen location within the sample (due to gravitational effects). Attenuation was found to increase as a function of porosity. Phase velocity measurements were less sensitive to porosity than attenuation measurements, although dispersion was found to increase with increasing porosity. Of particular interest was the observation of a region of preferential attenuation ( h bead radius) in the amplitude spectrum of the ultrasonic waveforms.
Phase Spectroscopy in Lossy Media, J. F. MURATORE and H. R. CARLETON, Department of Materials Science and Engineering, State University of New York at Stony Brook, NY. 11794.
We have approached the problem of accurately measuring the dispersion inherent in the phase angle, phase velocity, and group velocity in lossy materials using digital processing techniques on broadband ultrasonic signals in the range 0-20 MHZ through porous graphite and metal alloys with microstructure. Using FFT algorithms and Hilbert transforms to generate both minimum phase and total phase spectra, we calculate the group and phase velocity spectra with high precision and over a wide frequency band. Useful information on dispersion in both the lossy porous medium and the denser alloy is determined. The nature of the dispersion is shown to be an important tool in determining the mechanism of energy loss causing attenuation, the relationship of the scattering to attenuation, and apparent violations of the dispersion relations which should hold for linear, causal systems. The possible introduction of errors brought about by digital sampling and windowing are considered in order to verify actual physical behavior and identify artifacts of the processing techniques.
Shear Modulus Determination of Foamed Aluminum and Elastomers, P.
S. DUBBELDAY and K. M. RITTENMYER, Naval Research Laboratory, Underwater Sound Reference Detachment, Orlando, FL 32856-8337.
It is of importance to describe acoustic materials experimentally by the measurement of several elastic moduli. Foamed aluminum is a promising candidate for a pressure-release material in the dry state and for sound absorption when saturated with a highly viscous liquid. To measure its shear modulus an apparatus was developed along the principles described by R. L. Adkins in 1966. The elastic material is sandwiched between two metal plates: the bottom plate is driven horizontally by a shaker; the top one forms a massspring system with the material. The complex voltage ratio is measured of two accelerometers attached to the top and bottom plates. The complex shear modulus is extracted from the data by a complex root finder. The results are shown for high-porosity foamed aluminum, as a function of pore size. The same method is used for the determination of the shear modulus of elastomers. In and past the transition region this method gives a complementary determination to the Young's modulus measured in the laboratory by a string apparatus. It enables a mutual compatibility check with the bulk modulus, measured by an acoustic coupler. Examples of this comparison are shown. A fiberoptic homodyne probe has been constructed to study the acoustic fields of SAW filters. The probe measures the amplitude and phase of the normal surface displacement, corrected for surface reflectivity variations. The optics used to focus the laser beam on the SAW substrate are also used by a video imaging system. The laser beam is visible in the image, making alignment of the probe simple. even on complicated SAW structures.
Prompt Observation of Elastic
A number of practical filter configurations were investigated, including bidirectional apodized IDT's, multi-strip couplers, and unidirectional transducers. Wavefront distortion (sometimes referred to as apodization loss) was observed in bidirectional transducers. The beam spreading properties and insertion loss of both tracks of a multi-strip coupler were studied. The directionality of a unidirectional transducer was directly measured by making scans in planes in front and back of the transducer. The probe has also been used to identify misoriented substrates (which cause beam walkoff) and to study excess attenuation. 
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For SAW-Filters with large fractional bandwidths the topology with two weighted transducers and a multistrip coupler (MSC) offers several advantages: arbitrary frequency responses can be designed obtaining many large overlaps. Such filters are insensitive to fabrication tolerances and have proper impedances.
If the circuit effects of both transducers are compensated for separately, additional taps are necessary due to reflected signals. However, the reflected signals of the total filter are negligible. Therefore we propose an algorithm to compensate for second-order effects simultaneously in both transducers using a linear model and least squares optimization. The procedure changes the taps minimum and additional taps are not needed. This method is applicable to all filters with two weighted transducers and a MSC.
As examples, the designs of a symmetric bandpass filter with 70 percent fractional bandwidth and an asymmetric filter with nonlinear phase will be shown.
The 180 Degree Reflectivity and Velocity Perturbation of Thin Metal Dot Arrays, F. HUANG, E. G. S. PAIGE, and D. R. SELVIAH, Department of Engineering Science, University of Oxford, Parks Road, Oxford, OX1 3PJ, England.
Reflecting arrays of rectangular thin metal 'dots' spaced in a regular or near regular grid pattern, such as have been used in surface acoustic wave resonators' and in-line dot RAC's2 on LiNbO3, are analysed. The half wavelength spacing of dots required leads to capacitative coupling between adjacent dots. The charge distribution induced on the dots by the passage of the SAW is presented taking full account of the capacitance between dots. The 180 degree SAW reflectivity of the dots and the SAW velocity perturbation through the dot array, due to electrical effects, are given for a range of dot sizes. These are shown to be in good agreement with experimental results'.
The work establishes that the method of analysis can form the basis of the design of 180 degree reflecting weighted dot arrays allowing them to be implemented through varying dot density and/or by varying dot dimensions. propagation and moderate temperature stability, leaky SAW (LSAW) propaBecause of its large electromechanical coupling, small attenuation with gating on 36"YX-LiTa03 (36-LTO) seems very promising for developing resonators with low ratio of capacitances, and low loss, wide bandwidth filters. Although metallic-gratings are widely used in these devices as a reflector, multistrip coupler, etc., it seems that the effects of the metallicgrating on LSAW propagation is not completely understood.
The paper aims to make it clear how the metallic-grating affects the dispersion and attenuation characteristics of high-coupling LSAW propagating on 36-LTO.
First, theoretical analysis was made for both open-and short-circuited metallic-gratings, where the leaky nature of the wave was taken into account and the LSAW interaction with bulk waves was discussed in detail. The result has shown that under the metallic-grating, the direction and intensity of the bulk wave radiation from LSAW greatly depend on both the LSAW wavelength and the periodicity of the grating, and this results in markedly frequency-dependent LSAW attenuation. That is, the attenuation is very small below the stopband frequency of the grating, because LSAW phase-matches only with slow shear bulk waves, piezoelectric coupling of which is negligibly small. On the other hand, the attenuation rapidly increases at frequencies a little higher than the stopband frequency: the attenuation takes the maximum value of about IO-'dB!X. This is attributed to the LSAW interaction with fast shear waves propagating close to the surface, well known as a surface skimming bulk wave. As for the velocity dispersion, the effect of the metallicgrating on LSAW is qualitatively similar to that on conventional SAW.
Next, experiments were performed on the dispersion and attenuation characteristics of LSAW. For open-circuited metallic-gratings, the result was in good agreement with the theoretical prediction, while the agreement was rather poor for short-circuited gratings. This may be caused by the fact that for shorted gratings, the mass loading effect and electrical perturbation upon LSAW cancel each other. It is usually difficult to design equiripple FIR digital filters on a microcomputer like Apple-11, because the design procedure for such filters involves very large amount of computation. In this paper, the concept of frequency-sampling is used to analyze equiripple FIR digital filters. It is shown that an equiripple filter can be determined uniquely by its frequencysampling point group if the axis W is mapped onto the axis x(x = cos W), and the limitation of ( x / Q 1 is droped. Starting from a group of primary frequency-sampling points, equiripple filters can be approached by shifting these points according to some rule expressed by an experiential function. Such a design procedure may be called frequency-sampling point shifting algorithum.
If there are a few frequency-sampling points (less than IO) in the filter passband, doubleprecision computation can be avoided and the procedure can be excuted on the microcomputer Apple-11. The computation time is significantly reduced. For extraripple filters, the computation time is equal to or even shorter than that with window methods. The procedure can be generally used in the design of optimal SAW filters.
